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o. Abstract
HigWy contrasting alkalinities exist between two proximal lakes of varying
trophic status in the Pocono Mountains. From 8/90 to 8/91 eutrophic Lake
Waynewood had an average outlet water alkalinity of 0.32 meq L-1, while
mesotrophic Lake Lacawac had an average outlet water alkalinity of 0.04 meq L-1.
The goal of this investigation was to determine the geochemical controls
contributing to the difference in alkalinity between these two lakes.
Factors contributing to the difference in alkalinity between these two lakes
can be categorized as (1) catchment configuration and (2) the types of inputs
(biological, geological, and anthropogenic) in each catchment. Water entering Lake
Lacawac has a relatively short residence time compared to the residence time in the
Waynewood catchment. Much of the meteoric water that enters Lake Lacawac may
do so as unbuffered direct precipitation. The streams in the Waynewood catchment
provide a source of alkalinity (average carbonate alkalinity = 0.46 meq L-1) to Lake
Waynewood. Sources of alkalinity for surface waters in the Waynewood
catchment are the lithologic substrate and possibly agricultural liming in the upper
reaches of the catchment. Mass transfer modeling suggests more alkalinity is
produced from the upper reaches of this catchment during months of higher
precipitation compared to months of lower precipitation.
The chemistry of the marsh along the north side of Lake Lacawac may be
depleting and diluting alkalinity-rich groundwaters that are entering the lake basin.
Biological activity (e.g., respiration and decomposition) in the marsh during the
summer may cause the consumption of alkalinity in groundwater migrating through
the marsh. Also, as meteoric water mixes with migrating groundwater it can dilute
the groundwater alkalinity before the groundwater enters the lake. The hydrologic
connection between the groundwater and the acidic meteoric water is at least
partially controlled by the formation of ice on top of the marsh during the winter.
Any further interpretation of the importance of groundwater in either lake
system requires more detailed groundwater flow information than is presently
available. This knowledge would help define the interaction between the alkalinity-
rich groundwaters (average alkalinity = 1.41 meq L-1) and lake waters.
1
1. Introduction
1.1. Background
1.1.1. Factors that influence lake chemistry
1.1.1.1. The role ofwithin-lake vs. out-lake processes in lake systems
Numerous environmental parameters can affect the chemical composition of
a lake. These parameters can be divided into two categories of processes, (1)
processes occurring within the lake and (2) processes occurring outside the lake.
Within-lake processes are dominated by the biota and bathymetric geology and
geometry of the lake. While the dominant out-lake factors include climate, wind
patterns, regional and shallow groundwater flow, stream flow, geology and
topography.
Out-lake factors can influence the lake system by transporting energy and
matter to and from the lake. Surface-water divides (i.e., watershed or catchment
boundaries) usually control the volume and chemical composition of surface water
travelling to a lake, while the groundwater contribution to a lake system is not as
constrained by this boundary and in fact may include sources some distance from
the surface-water divide of the lake. All these external inputs (atmospheric; surface
water, and groundwater) can contribute material in the solid, liquid and gas phases.
1.1.1.2. Relevant geologic and geochemical influences on lake systems in this
study
Two influences on a lake's biology and chemistry are the
hydrogeochemistry and geology of its catchment. The types and rates of
geochemical reactions in a catchment can influence such parameters as alkalinity,
pH, and elemental constituents of surface waters and groundwaters migrating to
and from the lake. Also, the shape and size of the catchment can affect the
residence time of the water travelling through the catchment, thus controlling the
influence of geology on the water chemistry within the catchment. If the geology
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and topography (e.g., slope of the terrain) of a region are held constant, elongated
catchments within that region will allow a longer maximum groundwater and
surface water residence time compared to a circular catchment of the same area.
1.1.2. The role of alkalinity in lake systems
1.1.2 .1. A formal definition of alkalinity and the theory behind its quantification
in the lab
An important parameter in controlling the biological activity of a lake
system is the alkalinity of the lake's water (Wetzel, 1983). The most important
acid-neutralizing system in many fresh water environments is the carbonate system
(i.e., CO2-HC03--CO/-; Wetzel, 1983).
Because in most natural waters the carbonate system dominates, ~C03* is
the dominant carbonate species (i.e., reference level) for the endpoint of an
acidimetric titration of these waters, in which essentially all the carbonate and
bicarbonate ions are converted to their acid form. In this case, ~C03* is defined
as
(1)
Consequently, if the conversion of the inorganic carbon in the system (originating
in the forms of carbonate and bicarbonate) to carbonic acid can be quantified, via an
acidimetric titration, it is possible to determine the amount of inorganic carbon that
was initially in a solution as carbonate and bicarbonate. This relationship allows us
to determine the alkalinity (i.e., [HC03-] and [C032-]) of an acidimetrically titrated
solution.
The formal definition of this parameter begins with the charge balance
concept. The principle of electron neutrality dictates that the sum of the cations
must equal the sum of the anions in a solution. (Eq. 2).
L cations (eq L-l) =L anions (eq L-1)
3
(2)
Ions can be subdivided into two types, conservative and non-conservative. The
concentration of conservative ions is unchanged by pH, pressure, or temperature,
while non-conservative ions are sensitive to these parameters. An additional
constraint on conservative ions is that there must be no mass transfer between the
solution and solid phases (Drever, 1988). In light of these two types of ions, the
charge balance (Eq. 2) can q~ elaborated and rewritten as
I. conservative cations + I. non-conservative cations = I. conservative anions +
I. non-conservative anions (3)
By rearranging the ions to collect the conservative species on one side of the
equation and non-conservative species on the other side we fmd
I. conservative cations - I. conservative anions =I. non-conservative
anions - I. non-conservative cations (4)
We identify alkalinity, which is a conservative property, with the difference
between I. conservative cations and I. conservative anions (i.e., left hand side of
Eq.4) (Brackets [...] are used to represent molar concentration, and braces {... }
are used to denote activities.)
[Alkalinity] = I. conservative cations - I. conservative anions
or, for example,
(5)
It follows by substituting Eq. 5 into Eq. 4 that
4
[Alkalinity] = :L non-conservative anions - :L non-conservative cations (7)
Thus, alkalinity can be measured by an acidimetric titration of non-conservative
ions (Eq. 7) or for example,
(8)
In continuing with the non-conservative derivation of alkalinity I will make
references to a Bjerrum plot. This type of plot displays the pH-dependent
speciation of an acid-base system, in this case the carbonate system (Fig. 1). The
dark curve directly above the Bjerrum plot represents a typical titration curve that
would be observed as a result of an acidimetric titration in a solution of CaC03.
There are two equilibrium constants that control speciation in the carbonate
system. These constants determine the ability of the carbonate system to buffer
acids at varying pH values. The rrrst equilibrium constant (Ka1 = 10-6.35) controls
the conversion of bicarbonate to carbonic acid (Eq. 9).
(9)
The equilibrium equation for the dissociation of carbonic acid is
(10)
The second equilibrium constant (Ka2 = 10-10.33 ) controls the dissociation of
bicarbonate to carbonate.
(11 )
The equilibrium equation for the dissociation of bicarbonate is
5
(12)
In the carbonate system there are two inflection points, one (point C in Fig.
1) occurs at a pH of 8.35 where ~C03*] = [COl-] (point D), and is independent
of the concentration of total inorganic carbon (I.C) in the system, and the other
(point A) occurs at a lower pH and is dependent on I.C, thus it does not occur at a
fIXed pH. The pH value of the flIst inflection point (point A) depends on the total
inorganic carbon in the system because it corresponds to point B where [H+] =
[HC03-]·
6
~ A
-0 4
.~ C
...
0 2
"0
>
0
-2
,;
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03-6
-8
2 4 6 8 10 12
pH
Figure 1. Titration curve and pH-dependent speciation of the carbonate system.
Another important concept that must be addressed is the proton conditions
of the carbonate system. These conditions are also illustrated in Fig. 1 (points B
and D) and can be derived algebraically. The proton condition is defined by an
equation representing the state at which stoichiometric equilibrium has been
6
obtained in relationship to a reference level with respect to dominant species in the
solution in a particular pH regime. It is this dominant species that is used to
compare to non-dominant species in order to determine which of these non-
dominant species has an excess or deficit number of proton in the solution. The
reference level for the first proton condition (point B) in the carbonate system is
~C03*, and for the second proton condition (point D) it is HC03-.
There are seven solute species in a solution of CaC03 titrated with HCl:
Ca2+, ~C03 *, HC03-,COl-, OH- , H+ and Cl-. Seven equations describing the
o
relationships among the these species in the solution (at 25 C) are
{H+} {OH-]}= K = 10-14
w
({H+} {HC03-})/{H2C03*} = Ka1 = 10-6.35
({H+}{C032-})/{HC03-} =Ka2 = 10-10.33
mass balance on c+: [H2C03*] + [HC03-] + [COl-] =:LC
mass balance on Cl-: [HCl] = concentration of acid (CA) = [Cl-]
mass balance on Ca2+: [CaC03*] = :LCa2+ = [Ca2+]
The charge balance for the solution is
[Ca2+] + [H+] = [HC03-] + 2[C032-] + [OH-] + [Cl-]
(13)
(14)
(15)
(16)
(17)
(18)
(19)
For the second proton condition (point D) we must solve :LC for [HC03-], because
this species is the dominant carbon species for the second proton condition. So
rearranging Eq. 16 we obtain
(20)
Then substituting all three mass balance equations (Eq. 17,18,20) into the charge
balance for the system CEq. 19) we have
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We know the relationships represented by Eq. 22 and Eq. 23 exist at the second
proton condition, because it is at this point that exactly half of the potential acid-
neutralizing capacity of the system has been used.
CA = O.5:L,Ca2+
:L,C = O.5:L,Ca2+
(22)
(23)
Substituting these equations into Eq. 21 and rearranging Eq. 21 the proton
condition for HC03- is obtained (Eq. 24)
(24)
H+ and OH- can be neglected in Eq. 24 because their concentrations are extremely
low compared to HC03- in the pH regime of this proton condition. So, Eq. 24
can be restated as
(25)
Following a similar procedure to the one just described the first proton condition (in
which H2CO/ is the dominant or reference species; point B) can be determined.
We know at the point that this proton condition is satisfied a solution has essentially
utilized its total carbonate buffering capacity. Thus, the following relationship is
true at this point
(26)
Substituting Eq. 26 into the charge balance equation CEq. 19) we obtain
(27)
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[OH-] and [CO/-] are negligible in the pH regime where the first proton condition
is satisfied so they can be eliminated from Eq. 27 and Eq. 27 can be written as
(28)
This equation (Eq. 28) represents the first proton condition (Le., the proton
condition for ~C03*).
To continue with the non-conservative derivation of alkalinity, we have seen
that the proton condition represented by Eq. 28 exists at the second equivalence
point for solutions in which the carbonate system dominates
The dissociation reaction for carbonic acid (Eq. 10) has an equilibrium
constant, Ka1 , represented by Eq. 14
Because we have established that at the equivalence point for this system the
dissociation equilibrium (Eq. 14) can be rewritten as
(29)
The dissociation reaction equation shows that essentially all the inorganic carbon in
the system is in the form of the carbonic acid in the pH regime that is encountered at
the end of an acidimetric titration. By modifying and rearranging Eq. 29 we can see
that it is possible to solve for the total inorganic carbon in the system (Eq. 30),
which prior to the titration is predominantly in the form of bicarbonate ions, and at
the endpoint of the titration is in the form of carbonic acid. Thus, we have a simple
method to measure the concentration of ions that dominates the alkalinity in most
natural waters.
[Alkalinity] = L inorganic carbon = [H2C03*] = [H+]2 / Ka1 (30)
In summary, alkalinity, a conservative property, can be determined by the
difference between non-conservative cations and anions (Eq. 7). Consequently, we
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have the ability to measure alkalinity via the titration of the non-conservative anions
in a solution with a strong acid. By titrating a solution with a strong acid (e.g.,
HCl) to a low enough pH, the non-conservative anions are combined with the
newly added hydrogen ions. These anions are converted to the uncharged,
undissociated form ~C03.), and the end-point of the titration corresponds to the
complete conversion of the the non-conservative anions to ~C03·' Thus, this
method provides us with a direct measure of the acid-neutralizing capacity (ANC)
or carbonate alkalinity of a solution.
1.1.2.2. The relationship between total and carbonate alkalinity
Both total and carbonate alkalinity refer to the acid neutralizing capacity of a
solution. Carbonate alkalinity was the parameter measured in the acidimetric
titrations performed in this study. Total alkalinity is a measure of alkalinity which
considers all neutralizable weak acids (including H2C03*). Total alkalinity of the
samples in this study was computed using WATEQF (plummer et al., 1976).
1.1.2.3. Sources ofalkalinity in lake ecosystems
Because alkalinity is controlled by the relative abundance of cations and
anions in a system, any process that produces or consumes these elements will alter
the strength of this parameter (Appendix A; Stumm and Morgan,1981). Alkalinity
production can occur as an aquatic or terrestrial process (Kelly et al., 1987) and can
originate from either biological or geochemical mechanisms (Schindler, 1986;
Kilham, 1982; Nikolaidis, 1989) or from anthropogenic sources (Schindler, 1986).
Geologic production originates from the chemical weathering of a catchment's
substrate and ion exchange reactions that occur in the soils and sediments within a
catchment (Schindler, 1986, Kelly, et aI. 1987). As meteoric water travels through
the soils of a catchment it can undergo ion exchange reactions in which the solution
exchanges base cations with clays, oxides and organic matter in the soil.
Depending on several parameters including, age, thickness and degree of
acidification of the soil (i.e., the species and abundance of base cation present in the
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soil) the water travelling through the soil will either become more or less acidified
due to the exchange of base cations with the soil (Drever, 1988). Biological
production of alkalinity may occur from the reduction of ionic compounds, such as
S042- (sulfate reduction) and N03- (denitrification) (Kilham, 1982; Schindler et
al., 1986). Anthropogenic sources of alkalinity include agricultural application of
lime and the biochemical reduction of human sewage.
1.12.4. The influence ofalkalinity on a lake system
Alkalinity neutralizes acids in lake systems. For example, in bogs and
marsh lands the decomposition of organic material by microbial activity fosters the
production of organic acids and CO2which will cause the pH of the water in these
ecosystems to decrease. This production of acidity can be enhanced through the
microbial oxidation of sulfur compounds and organic acids into sulfuric acid. One
of the most important contributors to marsh acidity is moss, such as Sphagnum,
which can greatly increase the acidity of a marsh by releasing free organic acids and
carboxyl-associated H+ ions (Wetzel, 1983). These H+ions are released as part of a
cation exchange mechanism for obtaining essential cations (Ca2+, Mg2+, Na+, and
K+) (Wetzel, 1983).
Groundwater flow that migrates through wetlands can bring in waters rich
in alkalinity and can neutralize the acidic marsh waters at the cost of decreasing the
pH and alkalinity of the water in the flow path. Groundwater passing through the
wetlands will be subjected to a surplus of hydrogen ions being produced by this
ecosystem. However, the strength of the acid-neutralizing capacity of the migrating
groundwater will determine how much the pH of the migrating water will decrease
as a result of its contact with the water in the wetlands.
A lake's sensitivity to (and ability to buffer against) excess proton
deposition is controlled by the alkalinity of the lake's water. For example, if a lake
has a low buffering capacity, acid precipitation can cause a lake to become acidified
(Chen et al., 1984; Glass et al., 1982). The consequences of this alteration on the
lake system can be drastic. The species composition of plankton (Kilham, 1982)
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and fish (Glass et al., 1982), as well as the trophic status of a lake, can be altered
(Kilham, 1982). Acid precipitation can also, among other changes, cause
interruptions in the food chain (Chen et aI., 1984) and the release of heavy metals
and nutrients from the sediment within the catchment (Glass et aI., 1982). If a lake
system has a high buffering capacity, however, it is more resistant to the affects of
such processes as acid precipitation.
1.1.25. The role ofCO2 in geochemical systems
The role of CO2 in aqueous systems is highly influenced by the physical
and geochemical constraints of that particular system. There are three types of
situations relevant to this study, (1) open systems in which water is in contact with
calcite and unlimited amounts of CO2 , (2) systems open to CO2 but lacking calcite,
and (3) closed systems in which there is a fixed amount of CO2 and calcite.
Conditions typical of the fIrst situation include surface waters, such as streams and
small shallow lakes in which the waters are free to exchange CO2 with the
atmosphere (Garrels and Christ, 1965). The second situation can be found in a
deep marsh composed solely of organic matter. The third situation is typical of
groundwater and large deep lakes (Garrels and Christ, 1965). The reason deep
lakes are included in this category is that the surface area to volume ratio for the lake
is small enough to consider the amount of area open for free gas exchange with the
atmosphere to be negligible (Snoeyink and Jenkins, 1980).
In an open system CO2(g) is in equilibrium with CO2(aq), that is,
(31)
This reaction promotes the production of carbonic acid (Eq. 32) which is
constrained by Eq. 14.
(32)
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H:zC03* will rapidly dissociate into bicarbonate and then carbonate CEq. 33 and 34,
respectively) releasing free hydrogen ions. This increase in free hydrogen ions will
cause the pH of a solution
H:zC03* =W + HC03-
HC03- = H+ + C032-
(33)
(34)
to decrease, fostering the dissolution of any available CaC03(s) by driving the
following reaction to the right CEq. 35).
(35)
Thus, Eq. 35 dictates that the amount of carbonate alkalinity produced in systems
that are allowed free exchange of CO2 with the atmosphere to be described by
(36)
This is because the strength of the alkalinity parameter in open system waters is
determined by the amount of CaC03(s) supplied to the system. These systems are
open to unlimited amounts of CO2 and consequently the amount of HC03- (and
thus alkalinity) that can be produced by the system is only limited by the amount of
calcite available for dissolution. Also, aqueous systems dominated by geochemical
processes (i.e., the dissolution of calcite) and lacking significant biological activity
will produce Ca2+ and HC03- concentrations that satisfy Eq. 37.
(37)
Situations represented as systems lacking CaC03(s) and open to the
exchange of CO2 are the most simple to understand. In these situations the CO2 is
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converted to carbonic acid. The H2C03* then dissociates releasing free H+ into the
system (Eq. 33 and 34) causing a decrease in the pH of the water in the system.
The more CO2 introduced into the system the greater the decrease in pH.
Aqueous systems that have an initial supply of CO2 but are not allowed free
exchange of this gas with the atmosphere are under different limiting factors
(compared to open systems) when examining them in terms of alkalinity
production. In examining a closed system, let us follow the CO2 history of water
as it travels from the surface of the earth into the ground. As water enters the
hydrologic cycle as precipitation, it is in equilibrium with the partial pressure of
CO2 in the atmosphere 00-3.5 atm) (Drever, 1988). If the precipitation enters the
ground via percolation its CO2 concentration can be altered. Processes such as
respiration and decomposition can increase the concentration of CO2 in the water,
while other processes such as photosynthesis can draw on the CO2 in the
percolating water (Drever, 1988). As in the open system, the CO2 (aq) in the water
is converted into carbonic acid CH2C03*) which will react with calcite (Eq. 35).
This reaction (Eq. 35), similar to the reaction controlling geochemical alkalinity
production in open systems, will produce alkalinity at the rate which satisfies Eq.
36 and 37. However, the important difference between these two situations is that
in the latter situation the amount of alkalinity that can be produced via geochemical
reactions is limited by the amount of CO2 initially converted to H2C03* in the water
(Stumm and Morgan, 1981).
In summary, it is important to keep in mind the constraints established by
each particular system on alkalinity production and degradation. Each system will
dictate the limiting resource in calcite dissolution, and consequently alkalinity
production. By understanding these limiting situations a more clear understanding
of the geochemical processes that are occurring in particular waters can be
ascertained.
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1.2. Purpose
1.2.1. Goal and primary objective of investigation
My goal is to characterize the hydrogeochemical controls of Lake Lacawac' s
and Lake Waynewood's chemical composition. The primary objective of my
project is to ascertain the reason for the difference in alkalinities between these two
lakes.
1.2.2. Hypothesis
I hypothesize that the higher alkalinity of Lake Waynewood is a
consequence of two factors, (1) its larger and more elongated catchment and (2) its
high anthropogenic input as compared to Lake Lacawac. Water migrating from the
outer limits of Waynewood's catchment has a longer distance to travel to the lake,
as compared to water travelling from the outer limits of Lacawac catchment to its
lake. Consequently, the water migrating through Waynewood's catchment has
more of an opportunity for exposure to alkaline material originating from either
natural lithologic or artificial sources. This situation allows for the water travelling
through the Waynewood catchment to become more influenced by its catchment
geochemistry as compared to the water migrating through Lake Lacawac's
catchment.
1.2.3. Secondary objectives
The accomplishment of my primary objective requires a number of secondary tasks
or objectives to be addressed, including
• measuring surface area of catchments,
• quantifying the distribution of aqueous solution compositions in the
catchments for approximately 12 months of record,
• modeling the fluxes and mass balances of pertinent chemical components
through the hydrologic systems of the catchments.
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1.3. Related investigations
Since the 1950's there have been numerous hydrogeochemical
investigations involving both stream and small lake catchments. Many of these
studies have incorporated a geochemical mass balance approach in their
investigation to accomplish one or more of the following tasks, (1) examine mass
transfers of major ions in hydrologic systems, (2) describe selected geochemical
reactions within hydrologic systems, (3) determine the relative importance of
chemical weathering vs. mechanical weathering in catchments, (4) examine the
evolution of water resulting from the mixing of two chemically discrete bodies of
water, or (5) described the change in chemical composition of water as it travels
from one point in a system to another. (e.g., see Cleaves et aI., 1970; Johnson
and Swank, 1973; Plummer and Back, 1980; Chen et al., 1984; Katz et al., 1985;
Velbel, 1985; April et al., 1986; Schindler, 1986; Herman and Lorah, 1986 and
Herman and Lorah, 1988.) In order to accomplish these tasks, investigators may
utilize such aspects of geochemical modeling as mass transfer modeling, reaction
path modeling, and speciation/saturation modeling (e.g., see Langmuir, 1971;
Plummer and Back, 1980; Herman and Lorah, 1986 and Herman and Lorah,
1988.)
Besides the types of geochemical investigations mentioned above, there
have also been large scale undertakings (e.g., Integrated Lake-Watershed
Acidification Study and the Experimental Lakes Area) and small scale monitoring
programs designed to focus on the environmental consequences of anthropogenic
sources of pollution (e.g., nutrient loading and acid precipitation) on various
terrestrial and aquatic ecosystems. (e.g., see Johnson and Swank, 1973;
Schindler, 1976; Chen et al. 1984; Chen, 1988 and Nikolaidis, 1989.)
Research of particular interest to my investigation was reported by Chen et
al. (1984), Schindler et al. (1986) and Bradt et al. (1984). Chen et al. (1984)
focused on why two lakes in the Adirondack Mountains of New York have
responded differently to similar quantities per unit area of acid deposition. Their
findings showed that the degree of acidification of the lake waters was primarily
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dependent on the flow path followed by meteoric water as it travelled through the
catchment. Chen et al. (1984) claimed this is because water travelling through the
shallow organic horizon is the most acidic, and water travelling through the deeper
inorganic horizons (in this case tills) is the most alkaline. Consequently, they
reasoned if the majority of the water enters a lake as deep lateral flow the lake will
be alkaline, and if a majority of the water enters the lake as direct precipitation,
runoff or shallow lateral flow it will be acidic. However, besides mentioning a
difference in lithologic composition (organic vs. inorganic) this report fails to
elaborate in any detail on the chemical or biological reactions contributing to the
different responses these lake systems have to acid deposition.
Schindler et al. (1986) constructed an alkalinity budget for one of the lakes
in the Experimental Lakes Area (ELA) in Canada. Their analysis consisted of three
years of major cation and anion data, along with pH and carbonate alkalinity data of
this lake. Because many of the lakes in the ELA have higher alkalinities than the
streams flowing into them Schindler et al. (1986) hypothesized that in situ
production of alkalinity was an important and significant process in these lakes.
Their findings supported their hypothesis. The ion analyses showed that over half
of the alkalinity within the lake was produced by in situ biological production.
They concluded the most important processes producing alkalinity were biological
sulfate and nitrate reduction (which accounted for over half of the in situ
production), and the exchange of H+ for Ca2+ in the sediment
Bradt et al. (1984) focused on the impact of acid precipitation on a number
of lakes in the Pocono Mountains. This investigation included the monitoring of
three lakes (Lake Lacawac, Deep Lake and Long Pond) in the Pocono Mountains of
Northeastern Pennsylvania from the spring of 1981 to the summer of 1983. Only
lake waters were sampled during this study (i.e., no hydrologic pathways
contributing water to the lakes were monitored), and they were collected on a
seasonal basis. These samples were analysed for chemical and biological data.
Analysis of data was accomplished by statistical analysis (e.g., one way and nested
ANOVAs, etc) of chemical data. No hydrogeochemical modeling (of rock-water
17
interfaces or water-water interfaces) was performed during this investigation. All
conclusions were obtained from statistical and theoretical analysis. This study
suggested that the ability of these lakes to buffer against acid deposition was a
function of the residence time of groundwater in the drainage system, the thickness
of soil horizons in the drainage system and the amount of calcium carbonate in the
underlying bedrock of each lake system. Of particular interest were the following
conclusions in regard to Lake Lacawac. (1) Lake Lacawac's greatest source of
buffering against acid deposition was the CaC03 in the groundwaters that entered
this lake. (2) From the concentration of organic carbon in the lake water it was
concluded that bogs surrounding the lake do not produce sufficient quantities of
acid to influence the lake water chemistry. (3) The low lake surface area:drainage
area (S.A.:D.A.) of Lake Lacawac provides little buffering against acid
precipitation.
My investigation is unique relative to these previous studies because it was
based on frequent monitoring of lake, stream and groundwaters in two lake systems
that vary greatly in trophic status. It is this monitoring and data collection that
allows for the examination of within-lake and outside lake processes by
geochemical analysis and modeling. By modeling the different hydrologic
pathways and interfaces (between discrete waters, such as lake water and input
stream waters) in the catchments I was able to closely follow the evolution of the
water as it migrates through a catchment. Consequently, I could examine the end
member chemistry of the lake water, as well as the initial chemistry of waters in a
catchment before the waters entered a lake. This allowed for examination of the
controls of alkalinity on the lake systems, which is required in order to identify
variables controlling this parameter and to compare the processes controlling
alkalinity between Lake Lacawac and Lake Waynewood
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2. Research Approach
2.1. Study Area
2.1.1. Description of Limnology and Hydrology
Lake Lacawac and Lake Waynewood are dimictic lakes. Lake Lacawac is a
mesotrophic lake, and its surface area is -0.21 km2• Lake Waynewood is a
eutrophic lake and has a surface area of -0.27 km2. Each limnetic layer of Lake
Waynewood has a substantially higher alkalinity than the corresponding layer in
Lake Lacawac (Table 1).
Table 1. 1988 summer records for Lake Lacawac and Lake Waynewood
Lake
Lacawac
Waynewood
Limnion
epi-
meta-
hypo-
epi-
meta-
hypo-
Alkalinity (Ileq L-1 )
30
30
110
290
310
600
(after Moeller and Williamson. 1991)
According to acid sensitivity criterion developed by the Minnesota Pollution
Control Agency, from March 30,1990 to July 18, 1990, the limnetic layers of Lake
Lacawac would be classified as ranging between "extremely sensitive" to
"sensitive". However, the waters of Lake Waynewood would be classified as
ranging between "potentially sensitive" to "insensitive". (Chen et al., 1988).
The centers of Lake Lacawac and Lake Waynewood catchments are located
within 5.5 km of each other. Both lakes are in Wayne County, Pennsylvania.
Lake Lacawac's catchment borders part of the western side of Lake \Vallenpaupack,
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and covers approximately -D.7 km2 (Plate 1). Lake Lacawac's lake surface area to
watershed area ratio is -0.3. The catchment is part of Lacawac Sanctuary, and
consequently, it is subjected to little direct anthropogenic influence. The catchment
is covered by forest on the east side and a combination of forest and wetlands on its
west side. The lake has one output stream located on its northeast shore.
The catchment of Lake Waynewood covers -7.3 km2 (plate 2) and its lake
surface area to watershed area ratio is -0.037. Approximately 60% of Lake
Waynewood shoreline is encompassed by a residential community. The remaining
land within the catchment consists of forest, farmland and a number of natural and
artificial ponds. There are two permanent streams that intersect the lake; one is an
input stream and one is an output stream. There is also one intermittent input
stream and an intermittent output stream associated with this lake.
An annual water budget for these two lakes can be found in Table 2. This
budget (modified after Schultz and Weisman, unpublished data) discloses some of
the important hydrologic variables of these systems. In this table, average flow is
defmed by the average rate at which water migrates from within a watershed to the
lake, as either surface runoff or groundwater (Sitkowski and Weisman, 1984).
Detention time is the amount of time a particle of water is retained in the lake before
it is removed from the lake by surface water or groundwater transport or by
evaporation (Sitkowski and Weisman, 1984).
It is interesting to note that, in all the categories except those involving
precipitation or evaporation, there exist extreme differences between the two lakes.
Lake Lacawac's S.A.:D.A. is approximately 8 times lower than Lake
Waynewood's S.A:D.A.. The consequence of this is that, during precipitation
events, there is more direct precipitation into Lake Lacawac than into Lake
Waynewood. Also of note is the order of magnitude difference in detention times
between these two lakes. The water in Lake Lacawac is completely recycled at
much slower rate than Lake \Vaynewood.
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Table 2. Annual water budgets for Lake Lacawac and Lake Waynewooda
Parameter
Drainage area (km2)
Lake surface area (k:m2)
Lake surface area:drainage area
Lake Volume (m3)
Average Annual Precipitation (cm)
Lake evaporation (cm)
Watershed evapotranspiration (cm)
Average runoff (m3)
Average flow (m3s-1)
Detention time (days; years)
Lake Lacawac
0.70
0.21
0.3
1.155x106
106.68
72.39
50.8
3.5104x105
0.0110
1205; 3.3
Lake Waynewood
7.280
0.27
0.037
1.7014x106
106.68
72.39
50.8
4.0766x106
0.12884
153; 0.42
a modified after Schultz and Weisman, unpublished data.
2.1.2. Geology of Region
Lake Lacawac and Lake Waynewood are located within the Appalachian
Plateaus province. As in the case with many of the small lakes in Wayne County,
these two lakes are probably of glacial origin. The size of both lakes has most
likely been altered by either human or other animal activities (such as beaver dam
construction) after the last glaciation. The Wisconsin glacial stage of the
Pleistocene Epoch was the last glaciation to affect the area in which these lakes are
located. Deposits of glacial drift more than 200 feet thick can be found in Wayne
County (Martin, 1985).
The oldest bedrock underlying 95% of the drift in the county is from the
Catskill continental group (Upper Devonian) which is comprised of mostly red to
brown sandstone and shale (Martin, 1985). The bedrock under Lake Lacawac is
comprised of interbedded sandstones, shales and conglomerates of the Poplar Gap
and'Packerton members of the Catskill Formation (anonymous author, 1984). A
study of lithology exposed during well drilling in the Wayne County vicinity shows
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a generally downward transition of the lithology from conglomerate and sandstone
to siltstone through red or gray shale and siltstone to gray shale to black shale and
then the Tully limestone and eventually to the Onondaga limestone
(Weitrzychowski, 1963). Mapping of the Tully limestone shows it is
approximately 110 feet thick 40 miles west of the two lakes and that it decreases in
thickness until it becomes absent from the stratigraphy around the vicinity of the
study area (Wagner, 1963). The top of the Tully Formation in the mapped area is at
a depth of approximately 5850 feet in the west, where the formation is thickest, to
5375 feet below the surface in the vicinity directly preceding its absence from the
stratigraphy (Wagner, 1963). At the location where the Tully limestone disappears
it is replaced with dark-gray, non-calcareous shale (Wagner, 1963).
2.1.3. Data collection
2.13.1. Summary ofdata collection scheme
Two basic types of data were required for this project. The fIrst type of
required data was a geologic characterization of the Waynewood and Lacawac
catchments. The size of the catchments had to be determined, which required an
estimation of drainage divides from topographic maps, followed by verifIcation in
the fIeld. Field work, such as examining outcrop exposures, was also required to
verify the mapped distribution of different rock types within the catchments.
Samples of bedrock from outcrop and float located around the east, south and west
sides of each lake were also collect for thin section analysis. No samples were
available from the north side of Lake Lacawac or the middle or upper reaches of the
Waynewood catchment. These thin sections were stained for both calcite and
dolomite.
The second type of required data was hydrogeochemical data. I obtained a
complete chemical analyses (pH, alkalinity, major cations and anions, and selected
minor elements of hydrogeochemical interest) of the lake waters and other surface
waters, along with shallow subsurface waters, and deeper groundwaters from
seven sampling stations in the Lacawac catchment (Plate 3) and eleven sampling
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stations in the Waynewood catchment (Plate 4). These samples were collected
approximately every three to four weeks from August 1990 to August 1991.
2.13.2. Surface water, springs and groundwater monitoring
Water samples were obtain from surface water and groundwater sampling
sites established in each catchment. The samples were collected using a peristaltic
pump. Deep groundwater samples were collected from private wells found within
each catchment (Table 3). Water from each well was allowed to run for 1 to 2
minutes before samples were taken. Springs were sampled as close to their point of
discharge as possible. Shallow subsurface waters were sampled from monitoring
wells constructed from 3/4 inch diameter slotted PVC pipe with nylon well screens.
Table 3. Depth of monitoring wells in Lacawac and Waynewood catchments
Catchment Site Depth of Well (m)
Lacawac 1 0.85
2 0.85
3 73.0
5 0.81
7 2.89
Waynewood 2 42.0
3 43.0
4 33.0
6 0.82
2.1.3.3. Atmospheric monitoring
To acquire an understanding of the volume of precipitation that occurs in
these watersheds average and daily precipitation data were obtained from NOAA
located at the Wilkes-Barre Scranton Airport in Avoca Pennsylvania This station is
approximately 30 miles west of the two watersheds.
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2.1.4. Data Analysis
2.1.4.1. Analytical chemistry
Specific conductivity, pH, and temperature of water samples were measured
in the field where and when possible. Samples for ion analyses were filtered (with
0.22 Jlm pore-size membrane) in the field and separated into two acid-washed
polyethylene bottles. The cation samples were treated with 1% nitric acid, and the
anion samples were treated with 1% chloroform. These samples were chilled at
-4°C and returned to the hydrogeochemical lab at Lehigh for analyses of cations and
anions (Le., Ca2+, M g2+, Na+, K+, Al3+, LFe, NO/-, P-, CI-, and SOl-) using
an ICP and IC, respectively. Alkalinity samples (unfiltered) were collected in acid-
washed polyethylene bottles and were analyzed with the Gran Titration (Gran,
1952) within 24 hours of collection (Appendix B).
2.1.42. Data quality control
Data quality assurance and control procedures were implemented on
calculated cation and anion values. These procedures consisted detennining cation-
anion balances for ion concentration values of collected water samples using
WATEQF and Eq. 38. This program computed the epm (equivalents per million)
of the cations and anions of a water sample. These values were substituted into Eq.
38 which produced a value representing balance between the cations and anions
with in the solution.
balance = [cations (eq L-I)-anions (eq L-1)!cations (eq L-I)+anions (eq L-I)]xlOO (38)
If anion concentration exceeded cation concentration this equation produced a
negative value. The balance was positive if cation concentration was greater than
anion concentration.
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2.1.4.3. Use of Calcite Saturation Index in examining geochemical change in
hydrogeologic systems
The theoretical potential for a solution to dissolve or precipitate CaC03(s)
can be monitored through the calculation of the calcite saturation index (SIJ.
These indices can be calculated from Eq. 39
SIc = log IAPIKc
where
SIc is the saturation index of calcite,
lAP is the ion activity product, and,
Kso is reaction constant for calcite.
(39)
If a solution is in equilibrium with the calcite then SIc = O. If a solution is
undersaturated with respect to calcite than lAP < ~o' If a solution is oversanrrated
with respect to calcite than lAP > Kso (Wigley, 1977).
This index indicates the ability (or capacity) for a solution to dissolve
calcite. If a solution is undersaturated with respect to calcite then it can dissolve
more of this substance and subsequently increase its alkalinity. However, if a
solution is saturated with respect to calcite then it is unlikely that it will be able to
dissolve more calcite (or increase the strength of the alkalinity parameter).
The parameters that influence SIc are those related to lAP and Kso of Eq.
38. An example of changes in parameters that would cause the SIc of a solution to
decrease is as follows. Decreases in pH and Ca2+ concentration will cause the
numerator of Eq. 38 to decrease whereby decreasing the magnitude of SIc. Also, if
the temperature of a solution is lowered this will increase the reaction constant (Kso,
in Eq. 38) causing the denominator in Eq. 38 to increase which will ultimately lead
to a decrease in SI (Snoeyink and Jenkins, 1980).
c
To determine theoretical PC0
2
and SIc for the sampling sites in the two
watersheds major ion concentrations along with pH and temperature of the waters
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samples were entered into WATIN (Moses and Herman, 1986). The output files
from WATIN were then run through WATEQF (plummer et al., 1976) which
calculated the theoretical log PCO and SIc values
2
2.1.4.4. Mass transfer modeling
Mass transfer modeling allowed for the examination of geochemical
evolution of stream water in the permanent stream from the top of the Waynewood
watershed till it enters the lake. The location of the sampling sites (W-14, W-13,
W-8 and W-1) used to examine the stream water evolution can be found on Plate 3.
This modeling allowed for the measurement of the net amount of calcite that
dissolved or precipitated from the stream water as the stream water travelled
through the watershed. From this information I monitored changes in alkalinity of
the stream water. This modeling also allowed me to commented on potential
sources and sinks of alkalinity with regard to this stream water, and ultimately Lake
Waynewood. The geochemical modeling program used to determine these mass
transfers is PHREEQE (Parkhurst et al., 1980).
To calculate the mass transfer of calcite between two locations in the stream
the upstream chemical composition of the stream water was inputted into
PHREEQE along with the SIc of the downstream site (Herman and Lorah, 1987).
The modeling program then calculated the amount of calcite (in mol kg-1 H20) that
would have to be lost or gained to obtained geochemical equilibrium between these
two sites (Herman and Lorah, 1987).
To supplement the mass transfer results trends of Ca2 +, HC03-
concentrations along with SIc of water travelling through the permanent stream in
the Waynewood catchment were plotted. These plots along with the calculated
values will provide information on the stream water evolution (with respect to
calcite) as water is travels through this catchment.
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2.1.45. Caldteflux modeling
Calcite flux modeling allowed for the examination of calcite precipitation
and dissolution rates into Lake Waynewood from the permanent stream in its
catchment. These determinations were based on the law of conservation of mass.
This law dictates that the chemistry of the lake inlet waters must be geochemically
compensated from within the lake's water. Lake Waynewood's waters must act as
either a geochemical source or sink for incoming water. Accomplishing this
modeling required commitment to a number of assumptions about the Waynewood
lake and stream systems, while also keeping in mind limitations of this technique.
The assumptions had to be declared were as follows:
(1) There is only one principal input and output connected to Lake Waynewood's
water (W-8 and W-l, respectively). Thus, with respect to natural systems this
lake's waters is topographically well constrained. This allows the lake to act as a
closed system. Sites W-8 and W-1 were used in order to get the chemical data
required for this modeling (plate 3).
(2) Only annual flow rate data for water passing through Lake Waynewood was
available. Consequently, it had to be assumed that the value of this parameter did
not vary greatly over time or with changes in climate.
(3) Finally, the lake water was considered well mixed, in this way outlet water can
be used to represent the chemistry of water at any depth or location within the lake.
The equation used to determined the rate of dissolution or precipitation of
calcite to the lake's water is as follows
(40)
where
min =concentration of inlet (mg L-1),
mout = concentration of outlet (mg L -1),
q = flow rate through the lake (m3 s-l), and,
re =rate of reaction (dissolution or precipitation) (mg L-1).
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The model was run using the two major species of calcite chemistry which are Ca2+
and HC03- ions. All calculated rc values were converted into units of mol L-1 and
calcite equivalents to allow for comparison between the ions species. Calcium flux
(mol Ca2+ s-l) is equivalent to calcite flux (mol CaC03 s-l) with respect to calcium
flux calculations. However, to determine calcite flux with respect to bicarbonate
flux (mol HC03-1 s-l) bicarbonate flux results had to be divided by 2 (to account
for stoichiometry).
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3. Results
3.1. Data Quality
In general, the ion balances for deep and shallow groundwaters were
smaller than for the stream and lake waters. Most of the samples collected
produced balances below 10%. However, as Appendix C reveals, some locations
(e.g., L-5) had particularly large discrepancies between cation and anion
concentrations. In order to help resolve these differences many samples were
subjected to repeat analyses. Ion compositions of water samples collected during
this study can be found in Appendix D.
3.2. Thin section analysis
Examination of thin sections obtained from the Catskill formation in each
catchment show extremely low percentages (less than 1.0 %) of carbonate minerals
present in these rocks. Carbonate that was present was found in the fonn of calcite
cement.
3.3. Geochemistry of catchments
3.3.1. Geochemical Character of the sampling sites
Site L-1 is located on the western side of Lake Lacawac (Plate 4). This
shallow well positioned (-D.85 m deep) in silt loam approximately 30 m from the
lake was dry most of the year. The samples that were obtained showed the
throughflow at this site to have a pH between 5.28 (September) and 5.66 (late
December) and carbonate alkalinity that ranged from 0.270 to 0.927 meq L-1 (Fig.
2 and 3).
Site L-2 is situated along the western side of Lake Lacawac, approximately
300 m south of L-I and 40 m from the lake shore (Plate 4). This well (0.57 m
deep) is positioned in a mixture of soil and silt loam, and is surrounded by large
hemlock trees. Similar to L-I, this well produced a limited amount of samples.
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The pH of the water that was collected ranged from 4.69 (August) to 5.15 (late
December), while the carbonate alkalinity values ranged from being undetectable
(November) to 0.039 meq L-l (late December) (Fig. 4). Fig. 4 shows a weak
direct relationship between pH and carbonate and total alkalinity in this water. The
chemistry of this water reflects a general trend of decreasing ion concentration of
over the colder months as seen in the specific conductivity, ion graphs (Fig. 4 and
5, respectively).
L-3 is the well for the Big House at Lake Lacawac. The well is located
along the south side of the lake and is approximately 73 m deep (Plate 4). The deep
groundwater samples obtained from this site fluctuated around a neutral pH (7.0)
over the year and had the highest total and carbonate alkalinity (maximum values of
2.14 and 2.10 meq L-l, respectively) of any of the waters in this catchment. The
samples from this well showed high concentrations of Ca2+, HCa3- and SOi-
(Fig. 7). Both total alkalinity and carbonate alkalinity showed a decrease in
strength from August to May of approximately 1 meq L-l, while pH fell
approximately 0.9 units from early September to April (Fig. 6). After the spring
pH, total and carbonate alkalinity all increased into July. SIc migrated between its
high of -0.53 in September to its low of -2.82 in March. The range of log Pca
2
values found in this water fell between -2.34 (September) to -0.82 (late August),
while the maximum SIc value was -0.53 (September). Fig. 6 displays an inverse
relationship between log Pca and SIc. Also evident in Fig. 6 is that specific
2
conductivity of the water reaches its maximum values during the summer time
(-160 J.lS) and its lowest values during the early spring (-72 J.lS).
Site L-4 is located at the Spring House slightly east of L-3 (Plate 4). The
shallow groundwater samples obtained from an artificial holding pond for a spring
emanating out of expose Catskill Fonnation sandstone had an average pH of 5.91.
At this site both total and carbonate alkalinity exhibited decreasing trends from
September (-0.3 meq L-l) to March (-0.22 meq L-l) (Fig. 8). After the spring,
total and carbonate alkalinity increased into July. The water's highest SIc and
lowest log Pca
2
values occurred during the winter. Overall, the average specific
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conductivity of this water was -60- J.LS and Ca2+, HC03- and SOi- were the
dominant ion in the water (Fig. 8 and 9, respectively).
Samples from site L-5 represent interflow entering Lake Lacawac from the
east side of the watershed (Plate 4). The pH of the water at this site varied between
4.66 (August) and 5.82 (May) over the year (Fig. 10). From early December to
May carbonate alkalinity and total alkalinity exhibited similar trends, however the
two parameter maintained a difference of -0.25 meq L-l over this time (Fig. 10).
The water is highly undersaturated with respect to calcite over the entire year (SIc
ranged between minimum of -5.07, in November, to a maximum of -3.82 in
May). From September to May the water followed a trend of slightly increasing
SIc, with the exception of a negative excursion during the middle of the winter.
Log PCO averaged approximately -1.5 and showed little variation over the course
2
of the year. In the late summer months all major cations were abundant (Fig. 11),
with :L.Fe and Ca2+ being the dominant ions species. LFe, Ca2+, AI3+ and K+ all
decreased in concentration during the winter months, while Na+ and Mg2+ show far
less seasonal variation. HC03- was the dominant anion in this water (Fig. 11),
with occasionally S042- also being important. Specific conductivity of this water
reached its greatest value during the warmer months and lowest value during the
colder month while maintaining an average of -62 J.LS. It is important to note that
during June and July of 1991 the well was dry.
Site L-6 is the lake outlet located at the northeast comer of the lake (plate 4).
The pH of the lake water rose from August (5.74) to November (6.08) (Fig. 12).
From November to July a trend in this parameter is less evident The total alkalinity
and carbonate alkalinity were lower during the colder months than in the warmer
months, with an anomalously high total alkalinity value (relative to carbonate
alkalinity) in September. This water remained undersaturated with respect to calcite
over the entire year (average SIc =-5.26). In the late summer the water reached its
maximum calcite saturation index of -4.23, from this point it exhibited a decreasing
trend until the end of January where the SI reached its lowest value of -5.26.
c
During the spring the SIc began to rise back to its summer level (Fig. 12). Log
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PCO decreased throughout the the late summer till it reached its lowest value
2
(-3.13) in the early fall. From the fallon any trend becomes less apparent. The
dominant ions in this water were SOi-, Ca2+ and HC03- (Fig. 24). The specific
conductivity maintained an average of - 20 JlS. Similar to site L-5, this water
reached its greatest specific conductivity value during the warm months and lowest
value during the cold months (Fig. 12).
L-7 is a well (-3m deep) located in the marsh along the north side of the
lake (Plate 4.). The pH of this water increased from the late summer 1990 (early
August, pH =3.90) up until the following spring (late April, pH =6.06) (Fig. 14)
where it then varied only slightly over the course of the summer of 1991. Both
total and carbonate alkalinity followed trends similar to that of pH. Carbonate
alkalinity was undetectable and total alkalinity was slightly negative from August
1991 until the winter (-January; It was not feasible to collect samples at this site
during the months of January and February.). From March on, the alkalinities of
this water greatly increased until their maximum values in late April (carbonate
alkalinity = 0.73 meq L-1, total alkalinity = 0.90 meq L-l). SIc and log PCO
2
showed a weak inverse relationship to one another over the year with the maximum
SIc (SIc =-3.14) and the minimum log PCO (log PCO =-1.50) both occurring
2 2
in April (Fig. 14). Ca2+ and I,Fe are the dominant cations from the winter
(-January) until late July (Fig. 15). HC03- is the anion in highest concentration
from the winter until late July. Other times of the year HC03- is not present in this
water. Also, SOi- is found at significant concentration in the water over the entire
year (Fig. 15).
Site W-l is located at the main outlet of Lake Waynewood along the eastern
shore (Plate 3). PH of the outlet lake water varied greatly over the year ranging
from 6.08 in September to 7.83 in June (Fig. 16). Carbonate and total alkalinity
followed parallel trends over the course of the year, except for in October when the
total alkalinity of the water experienced a sharp decrease. Overall the average
carbonate and total alkalinity were 0.33 and 0.36 meq L-1, respectively. The CO2
32
concentration in the lake water decreased from September (log PCO =-1.78) until
2
late December (log PCO = -2.85). Throughout the remainder of the winter and
2
into early spring the CO2 concentration of the water increased until June when it
dropped to its lowest value (log PCO =-3.61) (Fig. 16). The water saturation
2
with respect to calcite fluctuated between -3.10 (September) and -1.57 (June) (Fig.
16). Ca2+, HC03-, SOi- and CI- were the dominant ions in the water over the
year (Fig. 17) and the average specific conductivity of the lake water over this same
period was 130 ~S.
W-2 is the well at the Westpfahl's house (plate 3). It is approximately 43 m
in deep and is located within approximately 100 m of the eastern shore of Lake
Waynewood. The pH of the deep groundwater samples obtained from this site
increased from September (6.08) until April (7.75), after which point the pH only
varied slightly (Fig. 18). The carbonate and total alkalinity of this water reflected a
trend similar to that of pH. Both types of alkalinity increased from approximately
1.3 meq L-1 in the early fall to 2.27 meq L-1 in late March, after which point both
parameters varied only slightly until July when they dropped to -0.7 meq L-l. Log
PCO and SIc exhibited inverse trends over the year. The dominant ions in this
2
water were Ca2+ and HC03-, which both demonstrated general increasing trends
from September to March, and decreasing trends from March until late July (Fig.
19).
Site W-3 is the well for the Hinkelman's house well. This well (40 m deep)
is located approximately 300 m south of the Westpfahl's well along the east side of
the lake (Plate 3). Over the course of the year the pH of the deep groundwater in
this well ranged from 5.54 (November) to 6.82 (July) (Fig. 20). The carbonate
alkalinity of this water displayed a decreasing trend from August (0.74 meq L-1) to
late April (0.63 meq L-1), while total alkalinity of the water also exhibited this trend
but from September (0.75 meq L-1) to late April (0.63 meq L-1) (Fig. 20). After
the spring both of these parameters increased until late July. At this site, log Pca
2
and SIc exhibited inverse trends over the year. The greatest concentration of CO2 in
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the water occurred in early November (log PCO =-1.06), which coincided with
2
the minimum calcite saturation state of the water (SIc =-3.15). The highest degree
of calcite saturation this water experienced was in May (SIc =-1.73). It is during
this same month that one of the lowest concentration of CO2 (log CO2 =-2.46)
was recorded (Fig. 20). This water is dominated by Ca2+ and HC03- ions, with
occasionally Na+ and SOi- being present in moderately high concentrations (Fig.
21). Also of note is a large peak in Ca2+, Na+, Mg2+ and K+ concentrations in
April, accompanied by a large decrease in HC03- concentration.
W-4 is the Park's house well. The well is 33 m deep and is located along
the southwest shore of the lake (plate 3). The pH of this water ranged between 6.46
(November) and 7.72 (February) over the entire year (Fig. 22). Carbonate and
total alkalinity did not vary greatly over the year, both averaging around 1.44 meq
L -1 for this period, with a slight peak in both of these parameters occurring in
November (total alkalinity equalled 1.46 meq L-1 and carbonate alkalinity equalled
1.49 meq L-1). Similar to the other deep groundwaters that have been described,
log PCO and SIc exhibited inverse trends over the year at this site (Fig. 22). It is
2
during November that CO2 concentration is highest in the water (log PCO =2
-1.58), and the water is least saturated with respect to calcite (SIc= -1.82) (Fig.
22). This water remained undersaturated over the entire year, obtaining its greatest
degree of saturation in March (SI
c
= -0.81). The dominant ions in this water were
Ca2+ and HC03- (Fig. 23). Ca2+ exhibited a generally increasing trend over the
year, except during October when its concentration was slightly reduced.
Site W-6 is a well (-0.8 m) located in a shallow bog along the west side of
Lake Waynewood (Plate 3). Over the year, this site produced a limited amount of
water for analysis. The pH of the samples collected varied over a range of 5.97
(November) to 7.48 (July) (Fig. 24). The carbonate alkalinity of this water
decreased from a high of 1.31 meq L-1 in August to a low of 0.93 meq L-1 in May
(Fig. 24). From the analyses of the samples collected it seems the principal ions in
this water were HC03-, Ca2+, and K+ (Fig. 25).
Site \V-7 is located at the mouth of the intermittent stream that enters Lake
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Waynewood along its west bank (plate 3). This stream, which has a cobble
stone/sandy streambed, had a pH between 6.44 (March) and 7.07 (May) over the
course of the year (Fig. 26). The carbonate and total alkalinity of this water·
followed a pattern which produced two peaks, one in October (0.54 meq L-1 ) and
the other in March (-1.70 meq L-1) (Fig. 26). The stream water also revealed an
inverse relationship between SIc and log PCO (Fig. 26). This water remained
2
undersaturated with respect to calcite over the year, reaching a maximum saturation
index of -2.29 (June) and maintaining an average SIc of -2.5. The maximum CO2
concentration in this water occurred during March (log PCO = -1.53). The
2
principal ions in this water were Ca2+, CI-, HC03-, S042- and Na+ (Fig. 27).
The anomalously high peak in HC03- concentration during March (Fig. 27) is not
reflected in the specific conductivity for that month. Instead, the specific
conductivity remained low during March, as well as for the other cold months, and
increased during the warm months (Fig. 26).
Site W-8 is positioned at the mouth of the permanent stream that originates
at the top of the Waynewood watershed (Plate 3). At the point where the stream
was sampled its substrate was predominantly sand with a few cobbles The pH of
the stream water ranged from 5.65 in December to 7.52 in July. Both carbonate
and total alkalinity progressed in nearly parallel trends with changes in specific
conductivity and temperature over the year (Fig. 28). Both types of alkalinity
declined from the late summer of 1990 (-0.66 meq L-l ) until the spring of the
1991 (0.22 meq L-l), and then began to increase again (Fig. 28). An inverse
relationship between SIc and log PC0
2
can be seen at this site (Fig. 28). Similar to
the intermittent stream which was sampled via site W-7, the water at site W-8
remained undersaturated with respect to calcite over the year, reaching a maximum
saturation index of -1.13 during the July, while maintaining an average SIc of
-2.4. The maximum CO2 concentration in this water occurred during December
(log PCO =-1.47). The dominant ions in the water were HC03-, Ca2+, Cl- and2
SOi- (Fig. 29). Also of note is the nearly perfect parallel trends between the
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changes in temperature and HC03- concentration over the seasons at this site (Fig.
28 and 29, respectively).
W -11 is located in a small pond directly off the south side of route 590
(Plate 3). The pH of this water varied between 5.58 (September) and 6.64 (June)
(Fig. 30). At this site, both carbonate and total alkalinity fluctuated greatly over the
year, with total alkalinity always greater than carbonate alkalinity. Both types of
alkalinity decreased from the fall (October, carbonate alkalinity = 0.61 meq L-l and
total alkalinity =0.77 meq L-1) to late winter (February, carbonate alkalinity =0.20
meq L-1 and total alkalinity = 0.21 meq L-1). During March the strength of
carbonate and total alkalinity greatly increased to 0.99 meq L-1 and 1.23 meq L-1,
respectively (Fig. 30). The maximum saturation index with respect to calcite was
-1.98 (March), while the maximum Log PCO was -1.13 (September). The
2
dominant cations in this water were Ca2+ and Na+, and for most of the year HC03-
was the dominant anion (Fig. 31). However, from the fall to the spring HC03- ,
SOi-, and Cl- all contributed significantly to the anion character of the water. Of
particular note is the coincidental increase of Na+ and Cl- during the late winter
(Fig. 31).
Site W-13 is located between two lakes in the center of the Waynewood
watershed. The lakes intersect the permanent stream that runs from W-14, at the
top of the watershed, through W-13 and then passed W-8 into Lake Waynewood
(Plate 3). The pH of this water ranged from 6.22 (August) to 7.06 (July) (Fig.
32). The most evident trend with regard to both total and carbonate alkalinity is that
they display a general decreasing pattern during the colder months (October to
February) (Fig. 32). The maximum values for carbonate and total alkalinity were
1.17 meq L-1 and 1.28 meq L-1, respectively (both occurring in June), while the
minimum value for these parameters was 0.21 meq L-1 (in February). SIc and log
PCO exhibited a weak inverse relationship over the year (Fig. 32). SIc obtained
2
its highest value during the summer (with a maximum value of -1.66 reached in
July 1991), while log PC0
2
elevated to its greatest value in August 1990 (-1.64).
The dominant cation in this water was Ca2+, with Na+ and IFe occasionally being
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present in high concentrations (e.g., in May) (Fig. 33). The dominant anion from
the summer to the fall was HC03-. However, through the winter and spring
HC03-, S042-, and Cl- all made up high percentages of the anion character of the
water. Similar to site W-8, the water at this site exhibits nearly perfect parallel
trends between the changes in temperature and HC03- concentration over the
seasons (Fig. 32 and 33, respectively).
Site W-14 is positioned at the head waters of the permanent stream.
Samples were obtained from the north side of the road that crosses over this stream
(Plate 3). PH values of this water reached a low value of 5.96 in December.
However, from December until late April the pH of the water increased to a
maximum value of 6.74 (Fig. 34). Both carbonate and total alkalinity demonstrated
trends of decreasing concentration from September (0.46 meq L-1 for carbonate
alkalinity, 0.49 meq L-1 for total alkalinity) to March (0.19 meq L-1 for both types
of alkalinity) with one anomalous concentration peak in late January (0.51 meq L-1
for both parameters). SIc and log PCO exhibited a weak inverse relationship over
2
the year, as log PCO obtained its greatest values in the winter (log PCO = -1.81,
2 2
January), and SIc obtained its lowest values (SIc =-3.49, in early December) (Fig.
34). The maximum SIc obtained in this water was -2.39 in June. The dominant
ions in this water were Ca2+ and HC03-, with SOi- occasionally present in high
concentrations (Fig. 35). HC03- exhibited a trend of declining concentration
during the winter months (except for a anomalous high concentration peaks in late
January), while S042- obtained a maximum value in late January and then
decreased through the spring (Fig. 35). This site (similar to W-8 and W-13)
produced parallel trends between HC03- and temperature over the year..
Site W-16 is located in a small spring near the eastern boundary of the
watershed (Plate 3). The pH of the spring water ranged between 5.54 (September)
and 6.22 (late December) (Fig. 36). The alkalinity (carbonate and total) of the
water only varied between 0.27 meq L-1 and 0.31 meq L-1 over the year. The
average SIc value for this site was -3.44, revealing that this water is highly
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undersaturated with respect to calcite. The CO2 concentration did not fluctuate
greatly over the year with the maximum log PCO value of -1.2 occurring in
2
November and the'minimum value of -1.89 occurring in January. Fig. 37 clearly
demonstrates that Ca2+ was the dominant cation over the year. However, several
anions, including HC03-, SO/-, and CI- are found in high concentration at
various time during the year (Fig. 37).
3.3.2. Comparison of major geochemical parameters between the
two watersheds
An overview of major geochemical parameters measured in the different
waters found in each catchment can be found in Table 4. (In this table, and the rest
of the investigation, the differentiation between deep and shallow groundwater is
provided to separate relative depth of water sampled and not to delineate different
aquifers.) The most noteworthy observation is the recognition of large differences
found between the chemistry of the two lake waters (Table 4.a). Of the two lakes,
the water in Lake Waynewood has a greater average pH and CO2 concentration,
and it also maintains a greater degree of saturation with respect to calcite (average
SIc of -2.53, Waynewood, vs. -4.61, Lacawac). Lake Waynewood also sustains
higher average carbonate and total alkalinity relative to Lake Lacawac.
It is also important to note the differences between the surface waters
feeding Lake Waynewood (Table 4.b) and the chemistry of the water in Lake
Lacawac (Table 4.a). Similar to the comparison between the chemistry of the two
lake waters, the surface waters in the Waynewood catchment maintain greater pH,
alkalinities (both carbonate and total), log PCO and SIc relative to the water in
2
Lake Lacawac.
The chemistry of the marsh and bog waters within each catchment exhibited
great chemical variation between the two catchments (Table 4.c). The marsh water
in Lake Lacawac ranged from slight acidic to acidic, while the water in the shallow
bog in the Waynewood catchment ranged from slightly acidic to a slightly basic pH.
During the course of the study the Lacawac marsh obtained carbonate alkalinity
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values that were undetectable, and total alkalinity values that were negative. In the
Waynewood bog both alkalinities averaged greater than 1.1 meq L-1 and were
never lower than 0.93 meq L-1. The water in the marsh at Lacawac had a greater
CO2 concentration than the water of the Waynewood bog, while the Waynewood
bog water sustained a higher average degree of saturation with respect to calcite
(average SIc of -5.48, Lacawac, vs. -1.89, Waynewood).
The deep groundwater samples in the Lacawac catchment produced water
that had a slightly lower average pH and a slightly higher alkalinity (both total and
carbonate) than those same waters in the Waynewood catchment (Table 4.d).
Recognizable differences in the CO2 concentration and SIc exist between the two
waters, with the deep groundwater in the Lacawac catchment having a higher log
PCO and the waters in Waynewood producing greater SIc values.
2
Comparison of the spring waters sampled in each site reveal only slight
differences exist between the chemistry of these two waters. The pH of the spring
water in each catchment averaged around 5.85, and the average log PCO for the
2
two groups of water was approximately 1.68 (Table 4.e). The spring water in the
Lacawac catchment did display a slightly higher average carbonate and total
alkalinity relative to the Waynewood spring water. However, the two waters
produced similar SIc values over the year.
Shallow subsurface water was monitored only in the Lacawac catchment.
This subsurface water represents a potential contribution to the lake water that has a
lower pH, carbonate alkalinity and SIc than the average values of these parameters
for the lake water (Table 4.[ and 4.a, respectively). However, the subsurface water
did have a greater average total alkalinity and log Pea values as compared to the
2
lake water.
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Table 4. Ranges and Averages of major geochemical parameters for Lacawac and Waynewood
catchment watersa
Parameter Lake Lacawac catchment Lake Waynewood catchment
(a)
pH
CarbAlk
Total Alk
Log Pca2
SIc
(b)
Range
6.03 - 6.41
0.12 - 0.02
0.45 - 0.02
-3.13 - -1.87
-5.26 - -4.23
Lake Waters
(L-6; W-l)
Average
5.99 (12)
0.04(12)
0.09(11)
-2.73(1)
-4.61(11)
Range
6.04 - 7.83
0.22 - 0.39
0.27 - 0.42
-3.61 - -1.78
-3.1 --1.5
Average
6.48(14)
0.32(14)
0.33(11)
-2.53(11)
-2.53(11)
Surface Waters
(excluding sites L-6 and W-l)
(Averages ofW-7,8,1l,13 and 14; no surface water contribution monitored in Lacawac
catchment)
pH
CarbAlk
Total Alk
Log Pca
2
SIc
(c)
Range
5.68 - 7.52
0.18 - 1.72
0.18 - 1.72
-3.03 - -1.13
-3.86 - -1.13
Marsh Waters
(L-7; W-6)
Average
6.33(61)
0.46(65)
0.51(58)
-2.13(58)
-2.55(58)
Range Average Range Average
pH 3.9 - 6.06 4.32(10) 5.97 - 7.48 6.54(7)
CarbAlk 0.0 - 0.73 0.29(10) 0.93 - 1.3 1.15(9)
Total Alk -0.11 - 0.89 0.33(10) 1.5 - 1.53 1.51(2)
Log Pca
-1.5 - -0.8 -1.17(10) -1.69 - -1.60 -1.65(2)2
SIc -7.74 - -3.14 -5.48(10) -1.93 - -1.85 -1.89(2)
(d)
Range
pH 5.86 - 7.43
Cacb Alk 0.8 - 2.13
Total Alk 0.895 - 2.14
Log Pca2 -2.41 - -0.82
SIc -2.82 - -0.54
Deep Groundwaters
(L-3; Average ofW-2,W-3 and W-4)
Average Range
6.41(11) 5.54 - 7.83
1.77(11) 0.63 - 2.27
1.52(7) 0.63 - 2.27
-1.70(7) -2.83 - -1.06
-1.68(7) -3.15 - -0.20
40
Average
6.59(36)
1.31(37)
1.34(29)
-2.21(29)
-1.36(29)
Table 4. Ranges and Averages of major geochemical parameters for Lacawac and Waynewood
catchment watersa (cont)
Parameter Lake Lacawac catchment Lake Waynewood catchment
(e)
Range
pH 5.65 - 6.84
Carb AIk 0.22 - 0.43
Total AIk 0.23 - 0.37
Log PC02 -1.94 --1.40
SIc -3.62 --3.23
(f)
Spring Waters
(L-4,W-16)
Range
5.43 - 6.22
0.26 - 0.33
0.26 - 0.37
-1.89 --1.20
-3.95 --3.19
Average
5.91(13)
0.31(13)
3.15(10)
-1.69(10)
-3.39(10)
Avernge
5.81(11)
0.29(12)
0.29(10)
-1.68(10)
-3.44(10)
Shallow subsurface waters
(L-5)
pH
CarbAIk
Total AIk
Log PCO2
SIc
Range
4.60 - 6.04
0.69 - 0.231
0.37 - 0.749
-1.84 - -0.90
-5.27 - -3.82
Avernge
520(11)
0.17(12)
0.54(10)
-1.50(10)
-4.44(10)
a Units for both carbonate alkalinity (Carb Alk) and total alkalinity (fotal Alk) are meq L-1.
oNumber of samples used to detennine average value.
3.3.3. Atmospheric results
Precipitation data obtained from a collection station approximately 30 miles
west of the study area can be found in Table 5. This data reveals that during the
fIrst half of this study (7/91 to 12/91) the monthly volume of precipitation was
generally above average (Fig. 38). After 12/91 the monthly volume of precipitation
fell below average monthly accumulation volumes. Over the length of the study
(7/90 to 8/91) the total amount of precipitation that fell at the collection station was
105 em, as compared to the average accumulated amount over this same period of
98 em.
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Table 5. Monthly precipitation 30 miles west of study area
Actual Average
Precipitation Precipitation
Date (cm month -1 ) (cm month -1)
7/1/90 11.07 8.61
8/1/90 14.45 8.81
9/1/90 8.03 8.53
10/1/90 10.99 7.06
11/1/90 8.46 7.56
12/1/90 10.92 6.45
1/1/91 3.91 5.76
2/1/91 3.43 5.20
3/1/91 7.39 6.68
4/1/91 6.83 7.64
5/1/91 7.21 8.02
6/1/91 4.37 8.68
7/1/91 8.33 8.61
3.3.4. Results of permanent stream water evolution modeling in the
Waynewood catchment
3.3.4.1. Mass transfer modeling results
Results from the mass transfer modeling can be found in Fig. 39 and Table
6. These results display the mass transfer of calcite from site W-14 to W-13 in the
upper reaches of the Waynewood catchment. The mass transfer between these two
sites was always positive, except on 4/20/91. The maximum mass transfer of
calcite at this site was 1.04xl0-4 mol kg ~O-I, while the minimum was
9.87xI0-7 mol kg H20-I . These fmdings imply that calcite was usually being
dissolved between these two sites. Also of note is that the trend in monthly
accumulation of precipitation suggest a correlation with fluctuations in calcite mass
transfer (Fig. 40). Specifically, a change in the monthly accumulation of
precipitation is followed by a similar, but slightly out of phase change in the
magnitude of the mass transfer of calcite through the upper section of the
\Vaynewood catchment.
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Table 6. Mass Transfer of calcite from site W-14 to W-13 in the Waynewood catchment
Date
8n/90
8/21/90
9/9/90
10n/90
11/4/90
12/2/90
1/25/91
2/23/91
3/17/91
4/20/91
5/14/91
6/26/91
Mass Transfer (mol kg~O -1)
8.84e-6
6.95e-5
5.3e-5
6.96e-5
2.44e-5
4.85e-5
1.04e-4a
2.25e-5
1. l1e-5
-9.87e-7
3.614e-5
9.83e-5
a Mass transfer from sites W-14 to W-8. no data for site W-13 on this date.
3.3.4.2. Observed ion concentration trends along the permanent Waynewood
stream
Examination of the top of the Waynewood watershed shows that Ca2+,
HC03- and SIc always increased as waters travels from site W-14 through a -1.5
km stretch ofland to site W-13 (with the exception of HC03- and SIc values from
4/20/91 which display slight decreases).(See Fig. 41, 42 and 43, respectively).
Through the middle section of this stream (W-13 to W-8) one of three of the
following geochemical relationships existed between Ca2+, HC03-, SIc and pH.
Relationship Relationship Id
Ca2+ (decrease) and HC03- (decrease) and SIc (decrease) (pH independent) (A)
.Ca2+ (increase) and HC03- (increase) and SIc (increase) (pH independent) (B)
Ca2+ (increase) and HC03 (increase) and SIc (decrease) and pH (decrease) (C)
For the dates of 8/21/90, 12/20/90, 3/17/90 and 5/14/90 concentrations of Ca2+ and
HC0 3- decreased between sites \V-13 and W-8, as did the strength of SIc
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(relationship A). On the dates 4/20/91 and 7/31/91, Ca2 + and HC03-
concentrations increased along with the strength of the SIc (relationship B) through
this section of the flow path. Finally, on 11/4/90 ~d 6/26/91, Ca2+ and HC03-
concentrations in these waters decreased while the SIc parameter of these waters
exhibited increases and the pH of this water decreased (relationship C).
The dominant relationships between [Ca2+], [HC03-] and SIc at the point
where the stream water enters the lake (W-1) can be expressed in two relationships,
relationship A and relationship D.
Relationship Relationship Id
Ca2+ (decreases) and HC03- (increases) and SIc (increases) (pH independent) (D)
The stream water (at site W-8) always had a higher concentration of Ca2+ and
HC03- ions compared to the lake (except for the dates 12/2/90, 12/20/90 and
3/17/91 where HC03- concentrations in the lake water were greater than that of the
stream). Also, during the warm months the stream water had a lower SIc than the
lake water, while during the cold months the relationship was inversed (except for
on the date 2/17/91) (Fig. 43). The prevailing relationship between [Ca2+],
[HC03-], SIc and pH was relationship A. However, an exception to the trend
existed on 11/4/90 in which both [Ca2+] and [HC03-] declined and SIc and pH
values increased.
3.3.4.3. Results of calcite flux modeling
Table 7 and Fig. 44 display the results from the flux modeling between the
mouth of the permanent Waynewood stream and the water in Lake Waynewood.
Four important points can be ascertained from this modeling. (1) The flux of
calcium is always positive, consequently, over the period of this study calcite was
always being deposited in the lake water. (2) The flux of HC03- was consistently
greater than that of Ca2+ over the entire length of the study except for in the colder
months when the flux of these two species becomes similar. (3) The flux of
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HC03- becomes negative for short periods during the colder months, indicating a
loss of HC03- between the inlet and outlet. (4) The the calcite flux derived for
Ca2+ and HC03- have the best agreement during the colder months.
Table 7. Results from calcite flux modelin!f
Date Flux (mol Ca2+ s-l) Flux (mol HC032- s-l) Flux (mol calcite g-l)
8/6/90 2.10e-03 7.47e-03 3.73e-03
8/21/90 1.32e-03 7.6ge-03 3.84e-03
9/9/90 2.3ge-03 8.10e-03 4.05e-03
10/7/90 7.04e-03 3.52e-03
11/4/90 1.18e-03 1.2ge-03 6.45e-04
12/2/90 6.0ge-04 -4.71e-04 -2.36e-Q4
12/20/90 1.20e-03 -8.43e-04 -4.22e-Q4
1/25/91 1.42e-03 7.40e-04 3.70e-04
2/17/91 1.4ge-03 1.73e-03 8.65e-04
3/17/90 5.71e-05 -1.52e-03 -7.58e-Q4
4/20/91 7.66e-04 2.65e-03 1.33e-03
5/14/91 1.25e-03 3.93e-03 1.96e-03
6/26/91 3.10e-03 1.61e-02 8.07e-03
7/31/91 4.45e-03 1.82e-02 9.0ge-03
a Calcite flux was detcnnined with respect to both calcium and bicarbonate fluxes. Flux of calcite
modeled from HC03- flux values was calculated by dividing HC03- flux values by 2. However.
calcium flux is equivalent to calcite flux.
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Figure 2. Variation of pH and carbonate alkalinity (meq L ) at site L-I.
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Figure 6. Variation of pH, temperature (0C), log Pea (atrn), specific conductivity Q.tS),
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carbonate alkalinity (meq L-1), total alkalinity (meq L-1) and SIc at site L-3
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Figure 8. Variation of pH, temperature (0C), log Pea (aun), specific conductivity U-tS),
2
carbonate alkalinity (mcq L-I), total alkalinity (mcq L-1) and SIc at site L-4.
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Figure 10. Variation of pH, temperature (QC), log Pea (atm), specific conductivity UiS),
2
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Figure 12. Variation of pH, temperature eC), log Pca (atm), specific conductivity U-iS),2
carbonate alkalinity (mcq L-1), total alkalinity (meq L-1) and SIc at site L-6.
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Figure 14. Variation of pH, temperature (0C), log PCO
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Figure 18. Variation of pH, temperature CCC), log Pea (atm), specific conductivity (~S),
2
carbonate alkalinity (meq L-1), total alkalinity (meq L-1) and SIc at site W -2.
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Figure 19. Trends ofCa2+. M~+. I.Fe. Al3+. K+. Na+. r. CI-. N03-, S042- and HC03- at
site W-2.
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Figure 20. Variation of pH, temperature eC), log Pca (aun), specific conductivity UiS),2
carbonate alkalinity (meq L-I), total alkalinity (mcq L-1) and SIc at site W-3.
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Figure 21. Trends of Ca2+, M~+, LFe, Al3+, K+, Na+, r, cr, N03-, 5°42- and HC03- at
site W-3.
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Figure 22. Variation of pH. temperature (0C). log PC0
2
(atrn). specific conductivity (j.l.S).
carbonate aIkalinity (mcq L-1). total alkalinity (mcq L-1) and SIc at site W-4.
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Figure 23. Trends of Ca2+. Mg2+. 2:Fe, Al3+. K+. Na+. F'. CI-. N03-. SOl- and HC03- at
site W-4.
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Figure 24. Variation of pH, temperature (0C), log Pea (aLm), specific conductivity U1S),
2
carbonate alkalinity (meq L-I), total alkalinity (mcq L-I) and SIc at site W-6.
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Figure 25. Trends of Ca2+, Mg2+. I.Fe. Al3+.~.Na+. r. Cl-. N03-. 5°42- and Be03- at
site W-6.
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Figure 26. Variation of pH, temperature (0C), log Pea (aun). specific conductivity (j.tS).
2
carbonate alkalinity (meq L-1), total aIkalinity (meq L-1) and SIc at site W-7.
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Figure 27. Trends of Ca2+. Mg2+. I-Fe, Al3+. K+. Na+. F. Cl-. N03-, S042- and HC03- at
site W-7.
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Figure 28. Variation of pH, temperature (Qq, log Pea (ann), specific conductivity (J.tS),
2
carbonate alkalinity (mcq L-1), total alkalinity (meq L-1) and SIc at site \V-8.
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Figure 31. Trends of Ca2+, Mg2+, 2:Fe, Al3+, K+, Na+,~, CI-. N03-,50/- and HC03- at
site \V-ll.
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site \V-B.
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Figure 34. Variation of pH, temperature (0C), log Pea (atm), specific conductivity ~S),
2
carbonate alkalinity (mcq L-I), total alkalinity (mcq L-1) and SIc at site W-14.
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Figure 35. Trends of Ca2+, Mg2+, I.Fe, Al3+, K+, Na+, r, Cl-, N03-, SOl- and HC03- at
site W-14.
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Figure 36. Variation of pH, temperature (0C), log Pea (atm), specific conductivity Q..tS),
2
carbonate alkalinity (meq L-I), total aIkaIinity (mcq L-1) and SIc at site W-16.
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Figure 37. Trends of Ca2+, Mg2+, ~Fe, A13+, K+, Na+,~, Cl-, N03-, SOl- and HC03- at
site W-16,
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Figure 38. Monthly precipitation accumulation 30 miles west of study area.
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Figure 41. Trend of HC03- concentration along the permanent Waynewood stream.
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Figure 42. Trend of Ca2+ concentration along the pcnnanent \Vaynewood stream.
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4. Discussion
4.1. Discussion of modeling results in the Waynewood
watershed
4.1.1. Mass transfer modeling in the upper reaches of the
Waynewood watershed
The continuous supplementation of dissolved calcite in the stream water
high in the Waynewood watershed, as suggested by the mass transfer modeling
(Figs. 39 and 40), is controlled by the lithology and atmospheric precipitation
associated with this catchment. The conditions that allow this supplementation of
dissolved calcite to exist are, (1) water that enters high in the watershed is mostly
meteoric in nature, and thus it has a low concentration of dissolved ions in it, and
(2) there is a source of calcite in this part of the watershed. One of the mechanisms
that may drive this continuous supplementation of dissolved calcite to the stream
water is the precipitation that percolates into the catchment's substrate along upper
section of the stream. This water follows short residence time hydrologic pathways
that are in contact with calcite. As the meteoric water migrates through these
pathways it dissolves calcite and transports the dissolved products to the stream. In
the absence of a supply of percolating precipitation these hydrologic pathways are
inactive and thus contribute no alkalinity to the stream system. The other
mechanism that may supplement the stream water with dissolved calcite is the
precipitation that percolates into the catchment substrate and displaces shallow
alkalinity-rich groundwater into the stream. The infiltrating meteoric water
increases the hydraulic gradient of the groundwater near the stream forcing the
groundwater to be flushed into the stream channel. However, the strength of
alkalini ty of the groundwater in this situation is dependent on the amount of time the
groundwater has been in contact with the substrate, which in turn is a function of
the frequency and intensity of these flushing events. Thus, the magnitude of the
supplementation of alkalinity to stream water through this process may be highly
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variable.
Both of the mechanisms for dissolved calcite (and alkalinity)
supplementation to the stream will produce out of phase peaks and troughs with
respect to precipitation rate and mass transfer. These trends are out of phase due to
the lag time between the time precipitation reaches the soil and the time required for
the migrating meteoric interflow water to enter the stream or to displace alkalinity-
rich groundwater to the stream. This lag between the fluctuation in precipitation
rate and mass transfer trends is exhibited in Fig. 40.
However, the relationship between mass transfer and precipitation rates is
not as straight forward as the above paragraphs may indicate. The dates for both
mass transfer analysis and precipitation volumes assessment were randomly
chosen, and consequently it is difficult to truly determine the relationship between
these two parameters. Specifically, on some sampling dates it was raining or
snowing, while on other dates it has not precipitated for several days prior to
sampling. Sampling under the influence of different climatic conditions can bias the
results of mass transfer analysis. For example, runoff events will dilute waters at
sites W-13 and W-14 disproportionally. The catchment for W-13 is approximately
twice the size as the catchment ofW-14. Consequently, it is reasonable to assume
that stream chemistry at the site lower in the catchment is diluted twice as much the
stream chemistry of the upper site following a precipitation event Such a situation
would cause the formation of an opposite relationship between the mass transfer of
calcite and precipitation volumes with respect to Fig. 40. This is because the Ca2+
and HC03- concentrations would be higher in the upstream site for the period of
time in which the stream waters were influenced by catchment's runoff. However,
a relationship opposite of the one just proposed might exist in the absence of
runoff. This is because the base flow entering at the lower site (W-13) in the
catchment may have a higher concentration of dissolved Ca2+ and HC03- ions than
the downstream site due to the elevation of each site and the subsequent
groundwater flow path they each intercept. Consequently, in this latter case the
supplementation of these ions to the stream should increase downstream. Thus, the
90
mass transfer trend exhibited immediately following runoff events in the stream
may be reversed relative to periods in which the stream water was not being
influenc~by runoff.
The predominant source of calcite in this part of the watershed is in the
lithology. However, on two dates (1/19/91 and 1/25/91) Ca2+ and HC03- show
anomalous concentration peaks (Fig 33 and Fig. 35). Also, on 1/25/91 there exists
an anomalously high mass transfer value (Fig. 39). Such peaks are suggestive of
an artificial introduction of substances containing CaC03(s) as part of either early
agricultural liming or as a component of the road salt and cinders that is laid on
roads in the watershed. Or, in terms of the mass transfer analysis the peak may be
caused by using site W-8 instead of W-13 as the down stream site for the modeling
this point.
4.1.2. Discussion of observed trends in Ca2 +, HC03- ions and SIc
along the entire flow path of the permanent stream in the
Waynewood catchment
Water in the permanent stream is undersaturated with respect to calcite along
its entire flow path at all times (Fig. 43). Consequently, water in this stream
always has the potential to dissolve more calcite any where along its follow path.
However, as the water travels from the upper reaches of the watershed to the lake it
does not exhibit a steady or constant increase in SIc. This trend might be expected
assuming continuous calcite dissolution along this flow path with minimal
biological demand on the newly dissolved ions (Fig. 41, Fig. 42 and Fig. 43).
However, the geochemical evolution of this water high in the watershed (W-14 to
W -13) does reveal early stages of an increasing SIc as water travels down this flow
path.
After water passes through site W-13 the trends of Ca2+, HC03- ions and
SIc follow much less coherent patterns. By the time the surface water has reached
site \V-8 it has travelled a maximum of 0.5 km from site W-13 and has passed
through two eutrophied ponds, marsh lands and coniferous wood lands. Its
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increased time of residence in the stream allows it to become more susceptible to the
chemical character of the the biology and geology in and along the stream.
As mentioned earlier three relationship between Ca2+, HC03+ ions and SIc
and pH can be seen in the water between sampling stations W-13 and W-8. Dates
representative of relationship A have two possible driving forces. (1) Assuming
calcite is not a limiting factor, the reason for the decreases in Ca2+, HC03- ions
and SIc is due to some other influence that is causing the water running through this
section of the stream to become more dilute. Possibly runoff may be focused on
this section of the stream causing large pulses of meteoric water to be added to this
section of the stream during certain periods. (2) There is a high biological demand
for Ca2+ and HC03- ions in this section of the stream that is not prevalent in its
upper reach.
During the months in which relationship B holds true for this stream
section the aforementioned reasons for the driving forces behind relationship A
appear to be reversed. That is, the input of meteoric water into the system may be
low enough as to not dilute the stream water. Or, the biological demand for these
ions is low enough as to not disturb the balance of these ion between the sites.
The months in which relationship C holds true may be due to a change in
the pH of the stream waters. Biological activity, such as nitrification or sulfate
oxidation, could potentially drive the pH of the waters low enough as to
compensate for the increase in Ca2+ and HC03- ions resulting in a decrease in SIc
between the two sites.
At the point where stream water enters Lake Waynewood, water in the
stream has travelled a maximum of 3.6 km. The water at the mouth of the stream
always has a higher Ca2+ concentration than the lake water, and on all but three
dates this holds true for HC03- as well. Also, the lake water usually has a lower
SIc than the stream water, consequently relationship A can be used to describe most
of the relevant geochemistry between these points. The ion deficiencies in the lake
are not as much a result of geochemical evolution within the stream but are more
artifacts of the different properties between streams and lakes. Because the lake
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water is stratified at different times of the year the distribution of ions is also
stratified. In particular, ions concentrations are most unevenly distributed during
the times of peak stratification (mid-winter and mid-summer), while they are most
evenly distributed during the times of turnover (fall and spring) (Fig. 41 and Fig.
42).
The times of the year where relationship A is not satisfied, relationship D is
usually satisfied. During the months of December and March the HC03-
concentrations are greater in the lake than at the mouth of the stream. This is a
result of lake being well mixed during this period causing an increase in HC03- in
the metalimnion and epilimnion. This results in an increase in the HC03- of the
water samples collected at W -1 and ultimately leads to an increase HC03-
concentration above the stream water concentration. Also, during these periods
differences between Ca2+ concentration at these two sites decline slightly, however,
it seems that mixing of the lake waters does not increase Ca2+ ions at site W-1 as
much HC03- ions. A possible reason for the dissimilarity between the increases in
Ca2+ and HC03- concentrations in the lake is that alkalinity (Le., HC03-) is
produced in the hypolimnion via sulfate reduction, consequently when the water
mixes during times of turnover a new source of HC03- is distributed through out
the lake waters.
4.1.3. Discussion of flux modeling results
Under the assumptions stated earlier with respect to this modeling it can be
concluded the following processes and situations are occurring in the Waynewood
system. The difference between the flux of calcium and bicarbonate during the
warmer months is approximately 2 orders of magnitude (Fig. 44). Consequently,
geochemical processes are the dominant influence on the carbonate system during
these periods. As stated earlier, an aqueous system in which calcite flux is
dominated by geochemical processes should produce HC03- and Ca
2+ at a rate of
2: 1. During the colder months a consistent difference between these two species
fails to develop, indicating that the system is no longer being dominated by purely
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geochemical reactions (namely calcite precipitation or dissolution), that is,
biological processes may be influencing the flux of these two components of the
carbonate system. Thus, in light of the assumptions on which this modeling was
completed it is possible to conclude that calcite is being deposited over almost the
entire year and that geochemical reactions dominate the warmer waters during the
spring and summer. Also, during the winter it seems that the HC03- associated
with the calcite entering the lake is being consumed by lake processes to such a
degree that the lake water begins to transfers HC03- to its surroundings.
Reexamination of the assumptions on which this modeling was conducted
produces dramatically different conclusions. First, in assuming that the flow rate of
the stream water entering the lake is constant over the seasons I have made this
model insensitive to water chemistry alterations produced by climatic fluctuations.
During the summer months I observed very low flow rates into Lake Waynewood
at site W-8. In particular, on 7/31/91 the stream bed was nearly dry and was
without doubt below its average flow rate. These low flow rates caused by low
amounts of precipitation during these months may have influenced the stream water
chemistry in two ways: (l) the dry months could have lead to dramatic increases in
evapotranspiration of the stream water causing an increase in ion concentration in
the water; and (2) the lack of runoff into the stream may have also allowed the
stream to gain an abnormally high percent of groundwater (baseflow) composition
chemistry, by the decrease of precipitation/runoff input while maintaining a constant
groundwater input. This enhancement of ions in the stream water due to climatic
changes is evident in the graphs of the specific conductivity and major ions for this
site (Fig. 28 and 29, respectively). From these figures we can see that the
conductivity, as well as a majority of the ions (HC03- and Ca2+ included) exhibit
increasing trends during the warmer months and decreasing trends during the colder
months. However, the lake water chemistry did not obtain the same degree of
alteration due to changes in climate because it is such a large body of water (Fig. 16
and 17). Consequently, the different manner in which the chemistry of these two
waters respond to climatic changes fosters differences to develop between the
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chemical makeup of the water entering the lake and the water leaving the lake.
Thus, the discrepancies between the fluxes of Ca2+ and HC03- during the warmer
months are more a function of climatic changes rather than the system being
dominated by geochemical processes.
Another reason for the differences between the ion fluxes during the warmer
months may be that the lake was not well mixed. Stratification of ions in the water
column may have been partially responsible for the differences between the inflow
and outflow chemistry. For example, during the periods of fall and spring turnover
(November and March, respectively) there is little, if any, difference between the
flux of calcite derived from HC03- or Ca2+ ions (Fig. 44).
If calcium and bicarbonate ions are both normalized to calcite (Fig. 44) then
a system dominated by geochemical processes should produce trends in both these
species of similar magnitude and pattern. This is not the case. HC03- flux is still
higher during the warmer months relative to the Ca2+ flux. However, during the
colder months the values of these two parameters are in sync enough to believe that
the difference between them is an artifact of analytical error, and that the modelled
trends are representative of the flux of calcite into the lake. This suggests that a
very limited amount of calcite deposition may be occurring during the colder
months. This rate of calcite deposition during the winter varies between
approximately 0.0015 mol s-1 and 0.0005 mol s-1 (Fig. 44). But, since all the SIc
values for both site W-l and W-8 are well below a (i.e., they are all negative) we
know that no calcite is being deposited during any time of the year. Consequently,
the probable driving force behind these observations is that ions are being removed
from the water through a dilution process or some other removal method (e.g.,
biological removal).
Overall, the flux modeling of this water was not very representative of the
natural system for the following reasons: (1) the assumptions under which the
modeling was conducted did not allow for natural variations in the system (e.g.,
changes in flow rate) due to changing climatic conditions; and (2) the system was
not mixed well enough to eliminate the affects of chemical stratification of the lake
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water.
4.2. Discussion of geochemical findings in the Lacawac
watershed
4.2.1. Influence of catchment size and shape on the alkalinity of
Lake Lacawac
In agreement with the findings of Bradt et ale (1984), my study indicates the
small surface area to watershed ratio of the Lacawac system does not allow the
meteoric water that enters the Lacawac catchment a long enough residence time to
be adequately neutralized by CaC03(s) in the substrate. Also, the finding of Chen
et. ale (1984) are relevant to this system because, similar to the low alkaline lake in
the ILWAS, a significant portion of the water that enters Lake Lacawac has a low
alkalinity and low pH due to its shallow flow path and short residence time in the
catchment's lithology. In light of the small surface area to watershed ratio, it is not
unreasonable to conclude that a large proportion of the water that enters this lake is
as direct precipitation and therefore is completely unbuffered against excess
hydrogen ions. An example of the lack of alkalinity development in the interflow
that enters the lake can seen at site L-5. This site monitored water less than 1 m
deep along the east side of the lake and is located in soil representative of the soil
along much of the lake shore (Martin, 1985). The water at L-5 has a mean pH,
carbonate alkalinity and SIc (5.20,0.165 meq L-l, -4.44, respectively) lower than
water with a deep flow path (e.g., site L-4 has an average pH, carbonate alkalinity
and SIc of 5.91, 0.313 meq L-l, -3.39). Thus, it is not unreasonable to assume
that water that travels through this catchment with a flow path shorter than the water
sampled at site L-5 may be even more deficient with respect to alkalinity
development.
4.2.2. Influence of the marsh on Lake Lacawac water chemistry
The marsh along the north side of Lake Lacawac may playa critical role in
understanding the chemical composition of the lake's water. The condition that
must be assumed for the marsh to influence the lake chemistry is that the hydraulic
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gradient within the lake's watershed must be from the north to south. The region
north of the lake is a topographic high while the region south of the lake, the area
that encompasses Lake Wallenpaupack, is a topographic low (Plate 1). Barring any
unusual hydrologic conditions it is reasonable to assume that the local groundwater
flow follows the topographic profIle of this land and therefore migrates from north
to south.
During the summer and fall of 1990, water in the marsh had a low pH and
alkalinity, and precipitation rates were generally well above average (Fig. 14 and
38, respectively). During the winter, spring and summer of 1991 pH and alkalinity
values displayed great increases, and the monthly rate of precipitation fell below
nonnal. These observations suggest that the marsh can vary between two chemical
modes. The fIrst mode occurs when the influence of precipitation dominates the
marsh water chemistry and the second mode develops when groundwater
dominates the marsh water chemistry. The higher than average precipitation rates
early in the investigation (Fig. 38) caused groundwater migrating through the marsh
to be highly diluted by the infiltration of meteoric water. Consequently, marsh
water samples resembled the chemical signature of precipitation in this region which
is one of a low pH (3.5 to 5.0), low alkalinity « 0 meq L-1) and low ion
concentration (Fig. 14). However, during the winter a layer of ice formed through
the shallow depths of the marsh. This ice acted as an impenneable barrier shutting
off the marsh from infiltrating meteoric water. Also, from the winter to the summer
of 1991 precipitation rates substantially declined causing a decrease in the
percentage of meteoric water in the shallow groundwater travelling through the
marsh. The combination of shutting off the marsh from the meteoric water during
the winter, and the decrease in precipitation during the following warmer months
minimized the influence of the meteoric water on groundwater migrating through
the marsh. The end result being the chemical character of the water sampled during
warm months of 1991 was closer to the chemistry of shallow groundwater in the
region (e.g., the chemistry of waters collected at site L-4) instead of the chemistry
of meteoric water.
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The observed trends at L-7 (Le. the marsh) were possibly enhanced by the
biology in the marsh. Such processes as the decomposition and respiration by
microbial organisms contribute CO2 to the water in the marsh and decreases the pH
of the system. Also, processes such as: the production of organic acids by marsh
biota (Wetzel, 1983; Mitsch W. J. and Gosselink J. G., 1986); the release of H+
ions through a cation exchange process of sphagnum moss associated with new
growth production; and microbial oxidation of sulfur compound and organic acids
into sulfuric acid (Mitsch W. J. and Gosselink J. G., 1986) can also contribute to
the decline of pH in the system. These processes are stronger during the warm
months, and thus fit the trends established as a consequence of the influence of
meteoric water on the marsh chemistry.
My study suggests that the marsh may influence the alkalinity of the lake
water by: (1) providing a low residence time for meteoric water that enters the
marsh; (2) the biological activity in the marsh decreasing the pH of meteoric water
as it percolates through the marsh substrate; and (3) controlling the hydrologic
pathway between infiltrating acidic meteoric water and migrating groundwater.
Also, as a consequence of climatic sensitivity of the latter two influences, the degree
to which the marsh may alter lake water chemistry is greatly controlled by the
prevailing climatic conditions. For example, a long cold winter will permit the
impermeable ice layer that develops on top of the marsh to existed for a relatively
long period of time. This will decrease the influence of meteoric water on migrating
groundwater and the lake will be able to obtain higher inputs of alkalinity from this
hydrologic pathway. These finding differ from that of Bradt et al. (1984) who
concluded that, based on low organic carbon concentration in the lake water, the
marshes around Lake Lacawac do not produce sufficient quantities of acid to
influence the lake water chemistry.
4.2.3. Influence of groundwater on Lake Lacawac water chemistry
As discussed above the groundwater flow through this watershed is
suspected of originating in the north and migrating to the south. This is relevant for
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two reasons: (1) groundwater migrating from the north may be influenced by short
residence time and biological processes in the marsh along the north side of lake;
and (2) it is unlikely that the deep groundwater sampled at site L-3 is migrating into
Lake Lacawac. The base of Lake Lacawac is at an elevation of approximately 1400
ft, thus it is unlikely that water from the depth that the well at site L-3 is located
(1240 ft) is travelling upwards (and north) towards Lake Lacawac. It is more likely
that the water passes through L-3 before it enters into Lake Wallenpaupack, which
has a base elevation of less than 1200 ft Thus, deep groundwater on the south side
of Lake Lacawac probably has little influence on this lake's chemistry.
Shallow groundwater (e.g., L-4) is contributing to the chemical character of
the lake. Water emanating from the spring at L-4 will run into the lake. Thus, this
water, with an average pH of 5.65 and average carbonate alkalinity of 0.222 meq
L-l, is certainly increasing the lake's alkalinity (average lake alkalinity =0.022 meq
L-1). More importantly this site may represent the chemical composition of other
possible sources of shallow groundwater (e.g., subaerial seepages) entering the
lake that I did not uncover. These groundwater sources (both shallow and deep)
obtain their alkalinity from the catchment's lithology. As my findings, and the
work of Bradt et al. (1984) indicates it is the groundwater in this catchment that
contains the greatest source of alkalinity for Lake Lacawac.
4.3. Discussion of geochemical findings in the Waynewood
watershed
4.3.1. Influence of catchment size and shape on the alkalinity of
Lake Waynewood
The relatively large size of the Waynewood catchment provides several
opportunities for increased alkalinity in Lake Waynewood. Most of the meteoric
water that enters this lake must travel some portion of the watershed before entering
the lake's water. Conversely, only a low percentage of the water that enters the
lake does so as unbuffered direct precipitation. This situation provides a majority
of the water that enters the lake with opportunities to obtain alkalinity from the
99
substrate of the watershed and from human sources. It is also important to note that
all the waters in this catchment are undersaturated with respect to calcite. Thus,
they all have the capacity to dissolve more CaC03(s) and increase their alkalinity.
4.3.2. Influence of surface waters on the chemistry of Lake
Waynewood
From the analysis of the stream water evolution in the permanent stream that
travels through the Waynewood catchment, it is evident that Lake Waynewood does
obtain alkalinity from the upper reaches of the watershed. In general, HC03-, Ca
2+
and SIc all increase from the top to the middle of the watershed (Fig. 40, 41 and 42,
respectively). Specifically, from the mass transfer modeling of the permanent
stream it has been suggested that: (1) more alkalinity is supplemented to the stream
from the dissolution of CaC03(s) during times of high precipitation; and (2)
anthropogenic sources may playa role in contributing alkalinity to this lake system.
With regard to all the surface waters that enter into Lake Waynewood, the
average carbonate alkalinity of these waters is greater than that of the lake water
(Table 4). So, it is reasonable to conclude that overall the surface waters in the
Waynewood catchment do provide alkalinity to the lake's water. However, it is
important to note that the trends in alkalinity over time between the surface waters at
sites W-7, W-8, W-l1, W-13 and W-14 and the lake water (W-l) show the surface
waters in the watershed have a greater alkalinity than the lake water during the
summer, while during the winter the lake water has a higher alkalinity. The
importance of this seasonal fluctuation is that it indicates the degree to which
surface waters act as a source of alkalinity may fluctuate. More importantly is the
realization that the stream waters do contain substantial quantities of alkalinity, and
even when they are at their lowest levels they can assist in buffering against the
acidity of the meteoric water that falls into this watershed. Consequently, even at
times of the year when the surface waters that contribute water to Lake Waynewood
have a lower alkalinity than the lake water they are still helping to maintain the
alkalinity levels in the lake by neutralizing the meteoric water before it enters the
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lake basin.
4.3.3. Influence of groundwater on Lake Waynewood water
chemistry
The spring water sampled at site W-16 suggests that shallow groundwater
entering the lake via aerial (or subaerial springs) may be contributing to the
alkalinity of the lake's water. During this investigation the average carbonate
alkalinity and pH of the shallow groundwater was slightly lower than that of the
lake water. However, the monthly values revealed that these two waters exchanged
alkalinity dominance over the study with the shallow groundwater obtaining higher
alkalinity values during the early summer.
The influence of the deep groundwaters on the lake water chemistry may
also be significant. Examination of Table 4 shows that deep groundwaters in the
Waynewood catchment have a much greater alkalinity compared to the lake waters.
Thus, the supplementation of the lake waters with deep groundwater in the
watershed would greatly enhance the alkalinity of the lake. However, because no
groundwater flow data is available it is difficult to determine the influence of these
waters on the lake. The topographic relief in the watershed (plate 2) suggests that
groundwater flow in the lower section of the watershed may be west to east,
assuming the groundwater flow is following the topography in this watershed.
Under this assumption, water sampled at sites W-2 and W-3 would have little
influence on the lake water composition, as they are down gradient from the lake.
However, there would be some potential for the water represented by W-4 to enter
the lake, as it is up gradient from the lake. Thus, the lake could receive water with
alkalinity several times its own strength from groundwater represented by the
chemistry at site W-4.
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5. Conclusion
5.1. The reason for the difference between Lake Lacawac
and Lake Waynewood alkalinities
The factors that cause the alkalinity of these two lakes to differ can be
categorized as (1) catchment configuration and (2) the types of inputs (biological,
geological, and anthropogenic) in each catchment. The difference in catchment
surface area to lake surface area ratio between the two systems provides many of
the reasons for the differences in alkalinity between these two lakes. Water entering
Lake Lacawac has an extremely short residence time in the catchment's substrate
before it enters the lake, compared to the long residence time in the Waynewood
catchment In fact, much of the meteoric water that enters Lake Lacawac may do so
as unbuffered direct precipitation. The length of residence time is important
because it influences the degree to which water migrating through the catchment can
be altered by the geochemical character of geology and lithology of the catchment.
Depending on the time of year, the streams in the Waynewood catchment provide a
source of alkalinity to Lake Waynewood indirectly by assisting in the neutralization
of meteoric water, or directly by supplementing the lake water with water that
contains a surplus of alkalinity relative to the lake chemistry. Sources of alkalinity
for this surface water are the lithologic substrate as well as possibly agricultural
liming in the upper reaches of this catchment. Mass transfer modeling suggests
more alkalinity is contributed from the upper reaches of this catchment to the
permanent Waynewood stream following times of high monthly precipitation.
The Lacawac catchment is not only void of significant surface water inputs
to act as sources of alkalinity for its lake water, the marsh along the north side of
lake may be depleting and diluting alkaline rich groundwaters that are entering the
lake. Biological activity (e.g., respiration, decomposition and cation exchange) in
the marsh during the summer may cause the consumption of alkalinity in
groundwater migrating through the marsh. Also, acid precipitation that percolates
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through the top layers of the marsh is subjected to the biochemistry of this system
which can further lower the waters pH. As meteoric water mixes with migrating
groundwater it can dilute the strength of the groundwater's alkalinity and lower its
pH before it enters the lake. The hydrologic connection between the groundwater
and the acidic meteoric water is at least partially controlled by the formation of ice
on top of the marsh during the winter. This impermeable barrier can disconnect the
hydrologic pathway between these two waters, and thus has the ability to modify
the degree to which the meteoric water can influence the chemistry of the migrating
groundwater. As a consequence, the degree of influence of the marsh on lake
chemistry is sensitive climatic factors (Le. atmospheric temperature) and seasonal
changes.
Besides addressing the role of groundwater travelling through the north side
of Lake Lacawac any further interpretation of the importance of groundwater in
either lake system is difficult to determine due to the lack of groundwater flow
information. However, it is essential to recognize that the deep groundwaters in
both catchments are rich in alkalinity. Thus, the knowledge of the interaction
between groundwaters and lake waters would help define the role of the highest
source of alkalinity in both catchments.
5.2. Summary of findings
In summary, the following ideas have been discerned about the Lacawac and
Waynewood systems:
Lacawac catchment
(l) The Lacawac catchment does not allow the meteoric water a long enough
residence time to be adequately neutralized by CaC03(s) in the substrate.
(2) A large proportion of the water that enters Lake Lacawac is direct precipitation
and thus contributes to the decrease in the lake water's pH and alkalinity.
(3) Changes in precipitation rate is the dominant control of chemistry in the marsh
along the north side of Lake Lacawac.
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(4) The Lacawac marsh may influence the alkalinity of the lake water by: (1)
providing a low residence time for meteoric water that enters the marsh; (2) the
biological activity in the marsh decreasing the pH of meteoric water as it percolates
through the marsh substrate; and (3) controlling the hydrologic pathway between
infiltrating acidic meteoric water and migrating groundwater.
Waynewood catchment
(5) The relatively large size of the Waynewood catchment provides several
opportunities for increased alkalinity in Lake Waynewood.
(6) Lake Waynewood does obtain alkalinity from the upper reaches of the
watershed.
(7) Mass transfer modeling suggests more alkalinity is produced from the upper
reaches of this catchment following periods of high precipitation compared to times
when precipitation rates are low.
(8) All the surface waters in the Waynewood catchment do provide alkalinity to the
lake's water.
Lacawac and Waynewood catchments
(9) All the waters in both catchments are undersaturated with respect to calcite.
Therefore, they all have the capacity to dissolve more CaC03(s) and increase their
alkalinity.
(10) Deep groundwaters in both catchments are rich in alkalinity. The knowledge
of the interaction between groundwaters and lake waters would help define the role
of the highest source of alkalinity in both catchments.
1~
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7. Appendix A: Processes affecting alkalinity
Alkalinity Change for
Forward Reaclion
PhotosYlIlhesis and Respiration:
ph",~
(10) nC01 + nH 10 ~ (CH 10). + ,,°1
(Ib) 106CO, + 16NO; + HP01- + I22H 10 + 18H'
(Ie) I06C0 1 + 16NH; + HP01- + I08H 10 ~rcpu.
\C,o.H loJO"oN,.p,1 + 13801
-al~;IC"
No change
Increase
Decrease
Nitrification:
(2) NH; + 201 ------. NO; + H1 0 + 2H'
Denitrification:
(3) 5CH1 0 + 4NO; + 4H' - 5e01 + 2N 1 + 7H,0
Sulfide Oxidation:
(40) HS- + 201 ------. SO;- + W
(4h) FeSl(S) + !.fOl + 3!H 10 Fe(OH!.(s) + 4H+ + 2S0;-
pyrite
Sulfou Reduction:
Decrease
Increase
(5) SO;- + 2CH 10 + W
CoCO, Di$SOlution:
(6) DCO, + COl + H 10
2C01 + HS- + H 10
Ca1+ + 2HCO;
(after Stumm and Morgan, 1981)
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8. Appendix B: The use of the Gran Titration in
determining total inorganic Carbon alkalinity
The traditional method of determining the total inorganic Carbon alkalinity
of a solution involves an acidimetric titration of that solution until a methyl orange
end point. This end point, which occurs around pH of 4, represents the conversion
of all the C032- and HC03- to H2C03*. However, a much more precise and
accurate technique to examine inorganic Carbon was developed in the early 1950's
by Gunner Gran. His method is known as the Gran Titration.
The fundamental concept behind Gran's technique is that the chemistry of
the region in the pH regime below the second endpoint of the titration curve is
controlled by the excess of H+ entering the solution from the titrant. This being the
case, the curvature of the line in this pH region is a function of pH or -log[H+].
Because pH corresponds to -log[H+] , the plot of (VT + VA) lo-PH VS. VT (where VT
is the volume of titrant added to the analyte and VA is the volume of analyte) will
result in a straight line at the point where the volume of acid added is equal to the
second equivalence point (Le., where [H+] is depleted in the analyte; Fig.45). This
is because the H+ initially added to the solution is used to convert the charged
carbonate species to H2C03*. At the point where this conversion is complete [H+]
= 0 and the volume of acid that has been added is equivalent to the total inorganic
Carbon alkalinity of the solution. To convert this value into eq vol -1 of total
inorganic Carbon alkalinity a line must be extrapolated back from this straight line
to the VT axis (Fig. 45). The volume at which the extrapolated line intercepts this
axis equals the volume of titrant needed to reach the equivalence point of the
solution. With this value (VT) known, the fundamental equation (Eq. B 1) that
represents any titration can be solved for the eq vol.-1 of the analyte (NA)'
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(B1)
VA =volume of analyte,
NA =normality of analyte,
VT =volume of titrant, and,
NT =normality of titrant
An example of how the Gran Titration method can be use to solve for the
total inorganic Carbon alkalinity of solution can be shown through a computer
simulation. Below are the results of a simulation of an acidimetric titration using
the geochemical modeling program PHREEQE. The titration involved 100 ml of
analyte (VA) titrated with 0.1 mol Hel (NT) and produces the titration curve seen in
Fig. 45.
12 0.06
10 0.05
0.04 :I:c..
0. 8 S<-0.03 >
6 E0.02
4 0.01
2 Vol. (ml) 4
--n- pH
-
(Vf+VA)IO-pH
Figure 45. The titration curve and Gran Plot for 100 ml of 5 mm titrated with 0.1 mol He!.
By deriving (VT + VA)lo-PH vs. VT from the titration data the volume of the titrant
required to reach the equivalence point of the solution can be found. Extrapolation
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back to the x-axis from the sharp curve in the (VT + VA)10-pH vs. VT line will
enable the determination of the value of VT for the equivalence point. From the
plot, we see VT at the equivalence point is equal to 4.3 mI. The substitution, and
rearrangement, of the known values of this titration (VT = 4.3 mI, NT = 0.1 N HCI,
VT= 104.3 mI) into Eq. B1 to solve for NA can be seen below (Eq. B2).
(4.3 mI HCI) (0.1 N HCI)/ (104.3 mI of analyte) = NA (B2)
=0.0041 N CaC03 =8.2 meq mI-1 of total inorganic Carbon alkalinity.
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9. Appendix C:
Geochemical data of waters in the Lacawac and
Waynewood Catchmenta
Site L-l
Date Cat An Balance pH Temp log PC02 Sp. cond Carb a1k Tot a1k SIc
9n/90 5.28
12/1/90 5.56
12/20/90 5.66
3/22/91 5.56
Site L-2
Date Cat An Balance pH Temp log PC02 Sp. cond Carb a1k Tot a1k SIc
8/10/90 4.69
8/21/90 4.95 16.00 80.0
11/3/90 0.82 0.29 47.75 4.66 14.00 -99.90 55.0 0.00 0.141
12/1/90 0.35 0.24 18.64 4.84 -2.59 45.00 0.053 -7.09
12/20/90 0.39 0.26 20.00 5.15 1.50 -1.88 25.00 0.039 0.082 -5.68
3/22/91 0.00
5/14/91 0.00
Site L-3
Date Cat An Balance pH Temp log PC02 Sp. cond Carb aIk Tot aIk SIc
8/1/90 6.70 10.20 2.020
8/21/90 2.07 2.57 -10.78 5.86 12.50 -0.82 160.0 2.095 2.094 -2.04
9n/90 2.46 2.44 0.41 7.38 12.00 -2.34 105.0 2.133 2.137 -0.53
11/3/90 6.96 lI.()() 2.012
12/1/90 1.54 1.50 1.32 6.28 -1.51 100.0 1.850 1.184 -2.09
1/19/91 1.47 1.56 -2.97 6.67 6.60 -1.88 135.0 1.240 1.240 -1.73
4/20/91 7.06 9.00 142.0 1.966
3/22/91 1.02 1.30 -12.07 5.90 6.00 -1.26 142.0 0.896 0.895 -2.82
5/14/92 1.23 1.07 6.96 6.42 13.00 -1.70 98.0 0.984 0.984 -2.01
6/26/91 7.36 14.00 72.0 2.065
7/31/91 2.27 2.46 7.43 11.00 -2.41 160.0 2.063 2.071 -0.53
Site L-4
Date Cat An Balance pH Temp log PC02 Sp. cond Carb alk Tot alk SIc
8/2/90 0.61 0.65 -3.17 5.65 10.80 -1.40 53.0 0.335 0.332 -3.55
8/21/90 6.84 10.20 148.0 0.327
9n/90 0.69 0.72 -2.13 5.73 11.90 -1.44 59.0 0.369 0.371 -3.38
10/6/90 6.07 11.00 65.0 0.431
11/3/90 0.63 0.75 -8.70 5.85 11.00 -1.62 50.0 0.319 0.339 -3.41
12/1/90 0.64 0.65 -0.78 6.02 7.50 -1.81 52.0 0.322 0.323 -3.23
12/20/90 0.57 0.66 -7.32 6.12 8.00 -1.94 45.0 0.297 0.300 -3.23
1/19/91 0.65 0.59 4.84 5.76 7.00 -1.67 60.0 0.247 0.246 -3.62
2/26/91 5.88 4.00 40.0 0.233
3/22/91 0.60 0.56 3.45 5.90 6.00 -1.91 40.0 0.222 0.226 -3.53
113
Site L-4 (can't)
Date Cat An Balance pH Temp log PC02 Sp. cond Carb alk Totalk SIc
4/20/91 0.71 0.64 5.19 5.95 5.00 -1.79 48.0 0.293 0.292 -3.35
5/14/91 0.50 0.59 -8.26 5.91 17.10 -1.64 49.0 0.326 0.361 -3.39
6/26/91 0.54 0.99 -29.41 6.01 14.00 -1.73 65.0 0.351 0.365 -3.26
Site L-5
Date Cat An Balance pH Temp log PC02 Sp.cond Carbalk Totalk SIc
8/2/90 1.35 0.20 74.19 4.66 18.20 -0.94 71.0 0.091 0.559 -5.27
8/21/90 4.60 16.20 142.0 0.069
9n/90 1.25 0.32 59.24 5.0* 20.80 -0.90 0.211 0.748 -4.53
10/6/90 6.04 18.00 35.0 0.191
11/3/90 1.10 0.31 56.03 5.37 14.00 -1.27 80.0 0.231 0.749 -4.31
12/1/90 1.03 0.28 57.25 5.57 -1.64 55.0 0.172 0.573 -4.29
12/20/90 0.79 0.54 18.80 5.66 4.00 -1.64 48.0 0.212 0.529 -4.30
1/19/91 0.76 0.38 33.33 5.33 2.60 -1.58 40.0 0.116 0.374 -4.88
2/23/91 0.74 0.40 29.82 5.56 -1.72 0.144 0.409 -4.57
3/22/91 0.69 0.24 48.39 5.68 2.00 -1.84 30.0 0.143 0.397 -4.48
4/20/91 0.80 0.26 50.94 5.76 -1.72 0.211 0.511 -3.98
5/14/91 0.85 0.32 45.30 5.82 17.50 -1.77 63.0 0.196 0.538 -3.82
Site L-6
Date Cat An Balance pH Temp log PC02 Sp. cond Carb alk Tot alk SIc
8/2/90 0.26 0.25 1.96 5.74 20.10 -1.87 25.0 0.124 0.168 -4.23
8/21/90 0.19 0.25 -13.64 5.93 19.20 -2.49 48.0 0.046 0.049 -4.55
9n/90 0.61 0.18 54.43 6.17 24.90 -2.96 23.0 0.025 0.446 -4.52
10/6/90 0.19 0.21 -5.00 6.41 14.00 -3.13 21.0 0.034 0.034 -4.30
11/3/90 0.25 0.27 -3.85 6.08 13.00 -2.68 25.0 0.046 0.071 -4.52
12/1/90 5.87 21.0 0.041
1/19/91 0.25 0.30 -9.09 5.72 0.05 -2.65 135.0 0.025 0.023 -5.26
3/22/91 0.24 0.19 11.63 6.06 3.00 -2.92 20.0 0.028 0.030 -4.82
4/20/91 0.30 0.26 7.14 6.06 10.00 -2.99 20.0 0.022 0.022 -4.79
5/14/91 0.23 0.20 6.98 5.89 21.00 -2.62 23.0 0.031 0.029 -4.68
6/26/91 0.19 0.22 -7.32 6.13 23.00 -2.87 28.0 0.029 0.041 -4.67
7/31/91 0.17 0.26 -20.93 6.35 18.00 -2.94 27.0 0.044 0.050 -4.37
Site L-7
Date Cat An Balance pH Temp log PC02 Sp. cond Carb alk Tot alk SIc
8/2/90 0.05 0.16 -52.38 3.90 17.60 -0.80 45.0 0.021 -0.107 -7.74
8/21/90 0.08 0.08 0.00 4.07 16.30 -0.95 89.0 0.023 -0.055 -7.37
10/6/90 0.06 0.17 -47.83 4.04 18.00 -1.00 50.0 0.019 -0.075 -7.57
11/3/90 0.26 0.05 67.74 3.98 14.00 -0.88 45.0 0.023 -0.081 -7.47
12/1/90 0.11 0.12 -4.35 4.17 7* -1.20 55.0 0.018 -0.048 -7.48
3/22/90 0.55 0.38 18.28 5.59 5* -1.41 0.308 0.471 -3.97
4/20/91 0.56 0.94 -25.33 6.06 6.00 -1.50 62.0 0.730 0.899 -3.14
5/14/91 0.59 0.65 -4.84 5.91 14.00 -1.38 71.0 0.616 0.802 -3.21
6/26/91 0.43 0.81 -30.65 5.66 24.00 -1.09 30.0 0.584 0.727 -3.61
7/31/91 0.44 0.76 -26.67 6.06 17.00 -1.49 40.0 0.643 0.811 -3.24
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Site W-1
Date Cat An Balance pH Temp log PC02 Sp. cond Carb alk Tot a1k SIc
8/6/90 6.04 22.50 70.0 0.310
8/21/90 0.75 0.74 0.67 6.60 25.00 -2.26 70.0 0.346 0.357 -2.47
9/9/90 0.75 0.80 -3.23 6.08 16.00 -1.78 71.0 0.355 0.355 -3.10
lOn/90 6.53 15.00 69.0 0.364
11/4/90 0.80 0.58 15.94 6.49 11.00 -2.18 60.0 0.387 0.420 -2.73
12/2/90 0.83 0.71 7.79 6.31 5.00 -2.10 50.0 0.332 0.336 -3.01
12/20/90 0.65 0.45 18.18 7.03 2.50 -2.85 35.0 0.313 0.338 -2.48
1/25/91 0.85 0.86 -0.58 6.67 1.90 -2.50 40.0 0.313 0.316 -2.72
2/17/91 0.75 0.71 2.74 6.56 2.00 -2.29 45.0 0.388 0.387 -2.79
3/17/91 6.36 6.30 0.273
4/20/91 0.85 0.76 5.59 6.53 10.00 -2.33 95.0 0.304 0.313 -2.73
5/14/91 0.77 0.51 20.31 6.91 22.70 -2.69 75.0 0.218 0.272 -2.25
6/26/91 0.60 0.80 -14.29 7.83 24.00 -3.61 80.0 0.260 0.291 -1.57
7/31/91 0.51 0.72 -17.07 7.42 23.00 -3.19 80.0 0.276 0.288 -2.05
Site W-2
Date Cat An Balance pH Temp log PC02 Sp. cond Carb alk Tot a1k SIc
8/6/90 1.76 1.88 -3.30 6.51 12.00 -1.67 132.0 1.344 1.350 -1.69
8/21/90 6.72 11.00 135.0 1.496
9/9/90 2.10 1.85 6.33 6.08 10.90 -1.25 120.0 1.324 1.598 -2.19
lOn/90 1.89 2.01 -3.08 6.86 12.00 -1.95 130.0 1.565 1.595 -1.27
11/4/90 2.25 2.02 5.39 7.08 10.00 -2.09 80.0 1.623 1.711 -1.08
12/20/90 7.53 6.00 135.0 1.962
1/25/91 2.36 2.32 0.85 7.40 5.20 -2.42 138.0 2.002 2.014 -0.66
2/17/91 2.29 2.38 -1.93 7.86 6.00 -2.87 140.0 2.045 2.045 -0.20
3/17/91 2.42 2.54 -2.42 7.62 8.30 -2.57 2.265 2.265 -0.34
4/20/91 2.28 2.44 -3.39 7.75 8.50 -2.73 150.0 2.107 2.107 -0.26
5/14/91 2.10 2.00 2.44 7.74 13.10 -2.74 133.0 1.895 1.956 -0.26
6/26/91 2.34 2.27 1.52 7.71 11.00 -2.70 150.0 2.019 2.138 -0.27
7/31/91 1.42 1.25 6.37 7.25 11.00 -2.67 127.0 0.735 0.756 -1.33
Site W-3
Date Cat An Balance pH Temp log PC02 Sp.cond Carb alk Tot a1k SIc
8/6/90 0.87 0.97 -5.43 6.30 13.50 -1.70 75.0 0.743 0.748 -2.44
8/21/90 6.22 14.00 80.0 0.730
9/9/90 0.98 0.99 -0.51 6.16 12.00 -1.58 72.0 0.713 0.723 -2.58
10n/90 0.91 0.99 -4.21 6.54 11.30 -1.96 70.0 0.728 0.752 -2.26
11/4/90 0.96 1.03 -3.52 5.54 11.00 -1.06 72.0 0.723 0.756 -3.15
12/2/90 1.06 0.98 3.92 6.14 8.50 -1.60 65.0 0.680 0.687 -2.63
12/20/91 0.92 0.94 -1.08 6.54 7.00 -2.01 60.0 0.679 0.693 -2.33
4/20/91 2.09 0.98 36.16 6.73 9.00 -2.30 62.0 6.290 0.629 -1.81
5/14/91 0.98 0.71 15.98 15.00 -2.46 68.0 0.631 0.650 -1.73
6/26/91 6.63 19.00 78.0 0.705
7/31/91 0.71 1.04 -18.86 6.82 15.00 -2.21 78.0 7.367 0.754 -2.06
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Site W-4
Date Cat An Balance pH Temp log PC02 Sp.cond Carb alk Totalk SIc
8/6/90 7.10 15.40 125.0 1.422
8/21/90 1.37 1.55 -6.16 7.19 16.00 -2.30 125.0 1.423 1.431 -1.06
9/9/90 7.20 14.00 120.0 1.473
10/7/90 1.38 1.55 -5.80 7.34 14.00 -2.45 120.0 1.430 1.438 -0.93
11/4/90 1.56 1.56 0.00 6.46 11.00 -1.58 110.0 1.480 1.479 -1.82
12/2/90 1.68 1.54 4.35 6.84 9.00 -1.98 70.0 1.436 1.436 -1.40
12/20/90 7.37 7.00 100.0 1.467
2/17/91 7.72 130.0 1.453
3/17/91 1.32 1.54 -7.69 7.43 -2.51 1.422 1.442 -0.81
4/20/91 1.53 1.54 -0.33 7.45 9.00 -2.59 105.0 1.428 1.433 -0.85
5/14/91 1.53 1.54 -0.33 7.45 9.00 -2.59 71.0 1.428 1.433 -0.85
6/26/91 1.39 1.85 -14.20 7.60 13.00 -2.72 136.0 1.431 1.444 -0.71
7/31/91 1.51 1.53 -0.66 7.70 13.50 -2.83 113.0 1.409 1.421 -0.54
Site W-6
Date Cat An Balance pH Temp log PC02 Sp. cond Carb alk Totalk SIc
8/6/90 200.0 1.124
8/21/91 1.25 1.41 -6.02 6.47 17.00 -1.60 220.0 1.313 1.500 -1.93
9/9/90 1.75 1.39 11.46 6.5* 19* -1.69 1.121 1.525 -1.85
10/7/90 6.70 18.00 81.0
11/4/90 5.97
12/2/90 6.74
12/20/90 7.13 2.90
5/14/91 6.94
7/31/91 7.48
Site W-7
Date Cat An Balance pH Temp log PC02 Sp. cond Carbalk Tot alk SIc
8/6/90 1.05 0.98 3.45 6.50* 22.00 -2.12 145.0 0.399 0.412 -2.47
8/21/90 0.84 0.99 -8.20 6.60 15.50 -2.21 79.0 0.443 0.450 -2.49
9/9/90 0.99 1.05 -2.94 6.49 21.10 -2.04 120.0 0.474 0.476 -2.41
10/7/90 0.94 0.94 0.00 6.50 13.30 -2.03 71.0 0.542 0.542 -2.48
11/4/90 0.74 0.84 -6.33 6.78 10.00 -2.54 51.0 0.333 0.368 -2.61
12/2/90 0.65 0.84 -12.75 -3.03 40.0 0.190 0.194 -2.69
12/20/90 0.77 0.68 6.21 6.54 1.00 -2.62 38.0 0.175 0.183 -3.18
1/25/91 0.87 1.02 -7.94 -2.88 10.0 0.281 0.286 -2.48
2/17/91 6.72 1.00 49.0 0.223
3/17/90 0.51 2.23 -62.77 6.44 0.50 -1.53 1.724 1.726 -2.60
4/20/91 0.75 0.71 2.74 6.73 6.00 -2.69 45.0 0.219 0.218 -2.85
5/14/91 7.07 15.10 70.0 0.350
6/26/91 0.91 1.21 -14.15 6.78 15.00 -2.29 95.0 0.556 0.572 -2.29
116
Site W-8
Date Cat An Balance pH Temp log PC02 Sp.cond Carb alk Totalk SIc
8/6/90 1.05 1.25 -8.70 6.67 20.50' -2.14 240.0 0.574 0.656 -2.13
8/21/90 6.68 17.20 99.0 0.616
9/9/90 6.64 13.50 81.0 0.640
lOn/90 0.98 0.96 1.03 6.83 15.20 -2.30 99.0 0.613 0.613 -2.02
11/4/91 1.01 0.76 14.12 6.17 11.00 -1.81 69.0 0.433 OA56 -2.94
12/2/90 0.92 0.94 -1.08 5.65 3.50 -lA7 52.0 0.315 0.327 -3.69
12/20/90 6.72 2.90 51.0 0.284
1/25/91 1.04 1.12 -3.70 6.82 0(.1) -2.62 32.0 0.339 0.346 -2.50
2/17/91 0.97 1.23 -11.82 6.70 1.00 -2.56 55.0 0.293 0.298 -2.72
3/17/91 0.88 0.87 0.57 5.80 4.00 -1.77 0.219 0.219 -3.73
4/20/91 0.95 1.09 -6.86 6.75 9.00 -2.44 50.0 0.399 OA05 -2.38
5/14/91 0.86 0.56 21.13 6.78 22.20 -2.38 78.0 0.411 OA28 -2.14
6/26/91 7.34 20.00 108.0 0.845
7/31/91 0.93 1.33 -17.70 7.52 19.00 -2.80 115.0 0.919 0.931 -1.13
Site W-11
Date Cat An Balance pH Temp log PC02 Sp.cond Carb alk Tot alk SIc
8n/90 0.93 0.72 12.73 6.27 19.70 -1.79 79.0 0.515 0.584 -2.72
8/21/90 1.07 0.86 10.88 6.18 16* -1.65 85.0 0.599 0.741 -2.76
9/9/90 1.38 0.83 24.89 5.58 14.50 -1.13 80.0 0.521 0.832 -3.42
10n/90 1.04 0.98 2.97 6.44 13.00 -1.93 93.0 0.608 0.768 -3.58
11/4/90 0.96 0.65 19.25 5.75 8.00 -1.50 47.0 0.346 0.530 -3.68
12/2/90 0.55 0.52 2.80 5.96 3* -1.96 0.208 0.239 -3.86
12/20/90 5.83 2.90 35.0 0.200
2/23/91 0.79 0.34 39.82 5.92 2.00 -1.93 60.0 0.202 0.210 -3.84
3/17/91 8.87 6.14 18.19 6.31 10.10 -1.63 0.991 1.231 -1.98
4/20/91 1.93 1.83 2.66 6A8 8.50 -2.14 120.0 0.431 OA91 -2.63
5/14/91 1.18 0.73 23.56 6.30 21.00 -2.02 100.0 0.385 OA29 -2.63
6/26/91 1.16 0.99 7.91 6.64 19 -2.18 112.0 OA88 0.674 -2A9
7/31/91 1.05 1.05 0.00 6.54 23.00 -2.02 74.7 0.530 0.611 -2.49
Site W-13
Date Cat An Balance pH Temp log PC02 Sp.cond Carb alk Tot a1k SIc
8n/90 0.93 1.03 -5.10 6.22 18.00 -1.64 199.0 0.659 0.710 -2.57
8/21/90 1.08 1.11 -1.37 6.40 18.20 -1.78 92.0 0.731 0.771 -2.31
9/9/90 0.83 0.98 -8.29 6.64 18.90 -2.09 90.0 0.617 0.637 -2.22
lOn/90 1.17 1.22 -2.09 6.6* 16.00 -1.96 78.0 0.781 0.884 -2.13
11/4/90 0.98 0.86 6.52 6.60 10.50 -2.26 99.0 0.416 0.449 -2.55
12/2/90 0.86 0.82 2.38 6.27 5* -2.14 70.0 0.275 0.288 -3.12
12/20/90 0.83 0.70 8.50 6.81 3.00 -2.67 50.0 0.287 0.313 -2.65
1/19/91 0.95 1.79 -30.66 6.57 4.30 -2.34 90.0 0.351 0.358 -2.71
2/23/91 0.76 0.41 29.91 6.47 1.00 -2A7 49.0 0.213 0.213 -3.17
3/17/91 0.91 0.97 -3.19 6.60 6.10 -2.48 0.264 0.267 -2.80
4/20/91 0.87 0.96 -4.92 6.64 10.50 -2.32 70.0 0.403 0.414 -2.47
6/26/91 1.28 1.42 -5.19 6.68 25.00 -1.87 125.0 1.016 1.174 -1.84
7/31/91 0.93 1.28 -15.84 7.06 23.00 -2.33 130.0 0.885 0.936 -1.66
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Site W-14
Date Cat An Balance pH Temp log PC02 Sp.cond Carbalk Totalk SIc
8n/90 0.63 0.55 6.78 6.39 21.90 -2.00 55.0 0.407 00425 -2.63
8/21/90 0.62 0.63 -0.80 6.34 18.20 -1.96 60.0 0.420 0.441 -2.76
9/9/90 0048 0.68 -17.24 6.57 18.00 -2.15 49.0 0.458 00489 -2.61
IOn/90 0.69 0.57 9.52 6.50 18.00 -2.16 60.0 0.375 00408 -2.64
11/4/90 0.75 0.50 20.00 6.58 11.50 -2.39 50.0 0.295 0.356 -2.79
12/2/90 0.72 0.69 2.13 5.96 3* -1.93 60.0 0.223 0.234 -3.59
1/25/91 0.87 1.13 -13.00 6.18 0.50 -1.81 43.0 0.506 0.512 -2.98
2/23/91 0.51 0.59 -7.27 6.38 1.00 -2.43 32.0 0.187 0.186 -3.45
3/17/91 0.52 0.62 -8.77 6.50 6.80 -2.37 0.266 0.272 -3.15
4/20/91 0.76 0.65 7.80 6.74 10.00 -2.55 45.0 0.337 0.351 -2.41
5/14/91 0.75 0.59 11.94 6.55 22.70 -2.16 61.0 0.398 00420 -2.41
6/26/91 0.79 0.84 -3.07 6.54 22.00 -1.99 20.0 0.582 0.671 -2.39
Site W-16
Date Cat An Balance pH Temp log PC02 Sp.cond Carb alk Tot alk SIc
9/9/90 0.89 0.87 1.14 5.54 9.00 -1.37 70.0 0.292 0.290 -3.65
IOn/90 0.84 1.06 -11.58 5.98 10.00 -1.81 80.0 0.289 0.288 -3.21
11/4/90 0.75 1.03 5043 9.00 -1.20 65. 0.333 0.367 -3.95
12/2/90 0.73 1.04 -17.51 6.0* 8.50 -1.80 53.0 0.311 0.310 -3.26
12/20/90 6.22 7.00 53.0 0.292
1/25/91 0.85 0.87 -1.16 6.06 -1.89 0.296 0.295 -3.19
2/17/91 5.97 8.00 52.0 0.293
3/17/91 0.78 1.10 -17.02 5.67 8.10 -1.54 0.267 0.265 -3.62
4/20/91 0.79 0.91 -7.06 5.80 8.00 -1.72 53.0 0.288 0.289 -3.38
5/14/91 0.75 0045 25.00 5.91 7.90 -1.74 51.0 0.286 0.288 -3.34
6/26/91 0.54 0.76 -16.92 6.02 11.00 -1.86 55.0 0.276 0.280 -3.44
7/31/91 0.62 1.16 -30.34 6.07 8.50 -1.90 68.0 0.289 0.294 -3.34
aSp. cond (specific conductivity) units are ~.
Cation (Cat) and Anion (An) units are in equivalents per million (epm).
Balance is a percent
Units for Carb alk (carbonate alkalinity) and Tot alk (total alkalinity) are meq L-1.
Temp (temperature) is in Co.
* value was estimate for modeling purposes.
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14.69
15.16
15.67
26.17
2.31
1.27
11.26
7.23
4.01
2.90
17.90
13.52
14.32
14.52
16.52
14.85
13.93
15.77
14.54
2.38
4.37
2.40
12.01
12.51
12.51
7.31
12.70
13.46
13.46
17.31
13.52
12.87
9.44
9.20
BDL
BDL
0.01
0.01
5.86
BDL
0.01
BDL
BDL
2.19
4.24
BDL
BDL
BDL
BDL
BDL
BDL
BDL
4.81
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.01
BDL
BDL
2.62
2.99
3.38
4.06
2.71
1.23
1.09
1.11
1.13
0.83
0.99
2.19
0.87
1.30
1.19
1.83
1.49
1.40
1.40
1.35
1.33
1.23
7.81
1.71
5.13
0.91
1.81
1.57
1.45
1.69
1.95
0.95
1.57
1.06
17.91
21.39
5.58
4.23
12.85
11.67
14.09
10.49
12.93
7.07
8.80
8.74
125.97
20.42
19.98
22.54
26.32
19.47
19.63
18.14
15.09
13.64
13.54
127.83
130.21
127.07
122.99
72.27
64.85
75.65
54.66
119.96
60.04
14.44
0.0
0.22
2.36
0.0
0.0
123.28
BDL
BDL
BDL
BDL
0.04
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
2.44
2.11
2.00
1.94
2.06
1.28
6.77
5.82
0.69
0.67
0.73
0.67
0.79
0.55
0.64
0.55
0.67
0.55
0.54
0.67
0.74
2.13
2.76
1.63
0.67
6.70
0.66
6.36
6.09
5.91
3.04
1.51
3.10
2.74
1.43
0.86
0.41
0.33
0.22
0.64
1.69
1.43
0.22
0.18
0.42
0.38
0.82
0.11
0.42
0.53
0.47
0.20
0.29
0.38
0.58
2.05
3.04
1.74
1.10
1.42
1.06
1.75
1.48
1.68
1.45
1.15
1.06
0.60
1.56
1.17
1.09
1.27
1.00
BDL
0.05
0.06
BDL
BDL
0.06
BDL
0.31
0.03
0.05
BDL
0.11
0.08
BDL
0.31
0.17
3.47
6.33
2.86
BDL
BDL
BDL
0.03
BDL
0.25
BDL
0.19
BDL
BDL
9.21
7.29
6.63
6.13
5.85
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.38
0.08
12.00
27.63
11.60
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
\10. Appendix D: (
Ion data from Lacawac and Waynewood c~tchments
\
Date Ca2+ Mg2+ LFe Al3+ K+ Na+ P- HC037 Cl- N03-
8/21/90 BDL BDL!, 1.76 0.01
9/9/90 16.49
12/1/90 56.61
12/20/90 36.35
3/17/91 5.51 1.23 0.14 BDL 0.98 3.17 40.80
8/10/90 5.52 5.78 26.03 55.49 3.70 1.15
8/21/90 4.02 1.87 10.87 9.75 2.02 1.30
11/3/90 3.10 1.15 3.65 2.85 1.39 1.05 BDL
12/1/90 2.33 0.50 1.63 1.02 0.16 0.27 BDL
12/20/902.94 0.66 1.11 0.94 0.56 0.80 0.04
3/23/91 7.43 3.61 25.82 34.55 1.72 0.81
5/14/91
8/1/90 2.43
8/5/90 35.86 2.68
8/21/90 36.49 2.36
9/7/90 36.35 3.90
10/6/90 35.85 3.20
11/3/90 33.68 3.28
12/1/90 24.90 1.57
12/20/9020.88 1.25
1/19/91 23.04 1.90
3/22/91 15.34 1.44
4/20/91
5/14/91 20.71 1.52
6/26/91 33.853.17
7/31/91 34.602.99
8/2/90 10.71 0.46
8/21/90 10.31 0.42
9/7/90 11.520.77
10/6/90 11.76 0.71
11/3/90 9.69 0.72
12/1/90 11.12 0.62
12/20/909.54 0.59
1/19/91 11.0 7 0.75
2/23/91 11.27 0.77
3/22/91 10.13 0.71
4/20/91 12.33 0.79
5/14/91 6.98 0.82
6/26/91 7.94 0.94
8/2/90 5.57 1.36
8/21/90 10.86 3.99
9/7/90 5.44 1.63
10/6/90
11/3/90 4.38 1.54 11.20 2.18 1.55 1.60 BDL
11/3/90
12/1/90 5.45 1.42
12/20/903.68 1.23
1/19/91 4.03 1.25
2/23/91 3.93 1.15
3/22/91 3.63 1.10
Site
L-1
L-1
L-1
L-1
L-1
L-2
L-2
L-2
L-2
L-2
L-2
L-2
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-3
L-4
L-4
L-4
L-4
L-4
L-4
L-4
L-4
L-4
L-4
L-4
L-4
L-4
L-5
L-5
L-5
L-5
L-5
L-5
L-5
L-5
L-5
L-5
L-5
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Site Date Ca2+ Mg2+ LFe Al3+ I(-l- Na+ p- HC03- Cl- N03- sol-
L-5 4/20/91 4.72 1.27 6.67 0.96 0.51 2.24 BDL 12.87 1.90 0.01 BDL
L-5 5/14/91 4.97 1.35 7.25 1.11 0.23 2.28 BDL 11.98 2.57 0.01 2.40
L-6 8/2/90 3.24 0.20 1.27 BDL 0.48 0.52 BDL 7.59 0.80 BDL 4.80
L-6 8/21/90 2.84 0.10 0.13 BDL 0.41 0.52 BDL 2.80 0.90 BDL 8.48
L-6 9/7/90 2.64 0.30 BDL 0.02 0.56 0.50 BDL 1.54 0.75 BDL 6.18
L-6 10/6/90 2.71 0.27 0.02 BDL 0.60 0.47 0.05 2.08 0.83 BDL 7.10
L-6 11/3/90 2.72 0.38 0.16 0.28 0.91 0.62 BDL 2.80 0.96 BDL 9.68
L-6 12/1/90 2.45 0.27 BDL BDL 0.25 0.75 BDL 2.47 0.97 BDL 10.54
L-6 1/19/91 3.46 0.57 0.02 0.02 0.42 0.52 BDL 1.51 0.88 BDL 11.91
L-6 2/23/91 3.31 0.53 0.04 0.01 0.54 0.48 BDL 1.95 0.98 1.21 10.71
L-6 3/22/91 3.25 0.51 0.01 0.04 0.36 0.53 0.06 1.73 0.78 BDL 6.80
L-6 4/20/91 4.71 0.63 0.02 0.07 1.96 0.77 BDL 1.37 0.73 BDL 10.19
L-6 5/14/91 3.21 0.51 0.00 0.03 0.21 0.49 0.04 1.87 0.85 0.04 6.92
L-6 6/26/91 1.89 0.53 0.11 0.12 0.36 0.61 BDL 1.76 0.83 0.94 7.13
L-6 7/31/91 1.73 0.48 0.03 0.06 0.34 0.54 BDL 2.71 1.08 0.51 8.50
L-7 8/2/90 0.43 BDL BDL BDL 0.36 0.33 0.04 0.0 1.90 BDL 4.04
L-7 8/21/90 0.65 BDL 0.24 0.10 0.43 0.31 0.04 0.0 1.56 BDL 0.61
L-7 9/7/90 0.59 BDL 0.08 0.15 0.74 0.42 0.04 0.0 1.73 BDL 0.61
L-7 10/6/90 0.53 BDL BDL BDL 0.71 0.35 BDL 0.0 BDL BDL 7.24
L-7 11/3/90 0.72 BDL 0.07 0.35 1.09 0.59 0.00 0.0 BDL BDL 1.27
L-7 12/1/90 0.72 0.10 0.08 0.09 0.74 0.80 BDL 0.0 BDL BDL 5.03
L-7 3/22/91 5.92 0.44 4.61 0.07 0.57 1.00 BDL 18.80 1.76 BDL 1.07
L-7 4/20/91 5.77 0.45 4.64 0.03 0.57 1.08 BDL 44.56 1.08 BDL 8.47
L-7 5/14/91 6.01 0.48 4.97 0.13 0.39 1.12 BDL 37.57 0.70 BDL 0.63
L-7 6/26/91 3.18 0.49 3.45 0.31 0.71 1.20 BDL 35.62 0.63 4.24 6.62
L-7 7/31/91 3.41 0.43 4.44 0.12 0.55 1.22 BDL 39.24 0.63 2.52 2.86
W-1 8/2/90 7.53 0.83 BDL BDL 1.01 3.58 BDL 29.94 4.83 3.46 6.92
W-1 8/7/90 8.73 1.52 BDL BDL 1.69 3.44 BDL 18.89
W-1 8/21/90 8.57 1.52 BDL 0.04 1.44 3.61 BDL 21.09 5.30 2.19 9.84
W-1 9/9/90 8.74 1.49 0.00 0.02 1.37 3.65 BDL 21.64 5.30 4.73 10.42
W-1 1017/90 BDL 22.25 5.65 1.18 8.09
W-1 11/4/90 8.63 1.55 0.20 0.34 1.75 3.44 0.00 23.65 5.26 BDL 2.06
W-1 12/2/90 10.26 1.28 0.12 BDL 1.51 3.84 BDL 20.26 4.95 1.94 9.84
W-l 12/20/90 7.45 0.96 0.08 0.25 1.36 3.19 BDL 19.18 4.87 0.01 BDL
W-l 1/25/91 10.54 1.46 0.04 0.03 1.39 3.79 BDL 19.08 5.90 2.04 16.66
W-1 1/25/91
W-l 2/17/91 9.06 1.29 BDL 0.01 0.96 3.79 BDL 14.12 4.83 1.06 8.21
W-l 3/17/91 9.69 1.31 0.04 0.02 1.34 3.37 16.64
W-1 4/20/91 10.67 1.35 0.09 0.07 1.40 3.71 BDL 18.58 5.72 1.18 13.34
W-l 5/14/91 9.38 1.33 0.01 BDL 1.04 3.83 0.00 16.59 6.77 BDL 2.06
W-l 6/26/91 5.43 1.34 0.13 0.11 1.18 3.88 BDL 16.77 5.37 BDL 17.90
W-1 7/31/91 4.55 1.16 0.03 0.07 1.05 3.48 BDL 17.01 5.37 BDL 14.14
W-2 8/2/90 BDL 77.21 1.64 BDL 13.62
W-2 8/6/90 28.25 1.96 0.19 BDL 0.63 3.72 BDL 81.98 5.62 2.90 16.02
W-2 8/21/90 28.96 2.28 0.78 BDL 0.58 4.60 91.28
W-2 9/9/90 25.71 2.21 0.76 BDL 0.71 4.60 BDL 80.86 7.20 3.47 15.52
W-2 1017/90 28.82 2.32 0.82 BDL 0.89 4.76 BDL 95.45 2.81 BDL 17.53
W-2 11/4/90 34.40 2.44 0.93 0.54 0.73 5.13 BDL 99.42 2.17 BDL 15.77
W-2 12/20/9033.16 2.95 BDL BDL 0.83 6.74
W-2 1/25/91 34.96 3.07 0.28 BDL 1.09 7.56 BDL 122.16 2.41 BDL 11.93
W-2 2/17/91 33.703.17 0.05 BDL 0.76 7.63 BDL 124.74 2.65 BDL 12.70
W-2 3/17/91 35.19 3.07 BDL BDL 1.39 8.65 BDL 138.20 2.05 BDL 10.39
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Site Date Ca2+ Mg2+ LFe A13+ K+ Na+ p- HC03- C1- N03- SO 2-4
W-2 4/20/91 33.58 3.14 BDL BDL 0.90 7.54 BDL 128.55 2.53 BDL 12.70
W-2 5/14/91 31.15 2.67 1.26 BDL 0.79 5.92 0.00 115.65 2.18 BDL 2.15
W-2 6/26/91 33.95 3.05 2.31 0.07 0.89 6.58 BDL 123.31 1.88 BDL 9.63
W-2 7/31/91 21.76 1.80 0.37 0.05 0.70 3.35 BDL 44.89 1.82 1.66 20.91
W-3 8/6/90 12.97 1.10 0.14 BDL 0.36 2.81 BDL 45.33 1.61 0.49 8.50
W-3 8/21/90 14.24 1.84 0.33 0.03 0.85 2.77 BDL 44.56 1.30 BDL 10.11
W-3 9/9/90 13.71 1.74 0.23 0.03 0.81 2.74 BDL 43.49 3.13 0.49 8.90
W-3 10/7/90 12.60 1.38 0.68 BDL 0.78 2.85 BDL 44.40 1.52 BDL 10.51
W-3 11/4/90 12.89 1.65 0.43 0.23 1.01 2.62 BDL 44.46 2.05 5.54 10.11
W-3 12/2/90 16.05 1.41 0.22 BDL 0.56 2.82 BDL 41.87 2.83 0.94 10.51
W-3 12/20/90 13.16 1.23 BDL 0.18 0.93 2.61 BDL 41.46 1.30 BDL 10.54
W-3 4/20/91 30.55 2.73 BDL BDL 1.49 7.03 BDL 20.90 1.30 1.48 11.93
W-3 5/14/91 14.67 1.39 0.50 BDL 0.56 2.33 0.00 95.81 1.23 BDL 2.32
W-3 6/26/91 9.09 1.54 0.63 0.07 0.68 2.67
W-3 7/31/91 8.91 1.50 0.20 0.07 0.61 2.63 BDL 45.06 0.87 BDL 13.39
W-4 8/6/90 19.91 2.21 0.23 BDL 0.50 3.61 BDL 88.86 1.10 BDL 4.49
W-4 8/21/90 20.08 2.28 0.21 BDL 0.51 3.69 BDL 86.82 1.22 BDL 4.49
W-4 9/9/90 23.143.15 BDL 0.04 0.87 3.96 89.91
W-4 10/7/90 20.41 2.31 BDL BDL 0.55 3.66 BDL 87.71 1.22 BDL 3.99
W-4 11/4/90 21.88 2.95 BDL 0.28 1.15 3.88 BDL 88.96 0.97 BDL 3.70
W-4 12/2/90 26.08 2.28 BDL BDL 0.53 4.09 BDL 87.64 1.34 BDL 3.49
W-4 12/20/9027.21 2.55 BDL 0.20 1.03 4.27 BDL 89.57 0.58 BDL 5.39
W-4 2/17/91 22.25 2.61 BDL BDL BDL 3.62 88.68
W-4 3/17/91 18.13 3.01 0.01 BDL 0.27 3.80 BDL 87.96 0.97 BDL 3.47
W-4 4/20/91 22.98 2.40 0.12 BDL 0.58 3.75 BDL 87.11 0.85 BDL 4.24
W-4 5/14/91 22.47 2.49 0.04 0.07 0.73 4.09 0.00 86.04 0.75 BDL 1.69
W-4 6/26/91 19.67 2.47 0.05 0.08 0.69 4.06 BDL 86.91 0.87 BDL 18.65
W-4 7/31/91 22.94 2.18 0.07 0.06 0.60 3.61 BDL 86.10 0.39 BDL 5.12
W-6 8/6/90 51.29 13.93 64.35 47.44 3.26 3.47 68.60
W-6 8/21/90 14.52 2.33 3.54 0.74 0.94 2.41 0.04 95.93 3.07 BDL 0.61
W-6 9/7/90 17.79 3.20 5.78 2.38 79.0 2.91 0.04 68.94 3.24 9.45 0.61
W-6 10/7/90 74.14
W-6 11/4/90 70.66
W-6 12/2/90 70.01
W-6 12/20/90 71.4 7
W-6 5/14/91 57.02
W-7 8/6/90 10.63 2.43 0.37 BDL 2.57 5.49 0.04 24.33 7.77 3.81 14.35
W-7 8/21/90 9.01 1.85 0.19 BDL 1.43 4.54 0.01 27.03 11.60 0.55 10.31
W-7 9/9/90 10.79 2.50 0.00 0.03 1.36 4.72 0.20 28.92 11.47 BDL 11.40
W-7 10/7/90 10.18 2.25 BDL BDL 1.82 4.64 0.04 33.08 5.75 1.79 9.77
W-7 11/4/90 7.18 1.61 0.15 0.35 1.72 3.61 0.11 20.42 9.96 BDL 10.80
W-7 12/2/90 7.60 1.21 0.11 0.07 1.23 3.19 0.39 11.59 8.88 BDL 13.21
W-7 12/20/90 9.18 1.60 0.04 0.09 1.89 4.42 BDL 10.70 3.79 0.01 19.31
W-7 1/25/91 10.31 1.74 0.02 0.00 1.41 3.91 BDL 17.15 13.41 2.21 15.63
W-7 2/17/91 0.24 13.63 16.95 BDL 16.11
W-7 3/17/91 8.64 1.46 0.06 BDL 1.08 3.46 BDL 105.19 5.84 0.01 16.57
W-7 4/20/91 8.23 1.41 0.01 0.06 0.96 2.77 0.11 13.34 6.73 BDL 14.42
W-7 5/14/91 9.79 1.60 0.07 0.05 0.82 5.07 21.58
W-7 6/26/91 7.78 2.19 0.14 0.11 1.30 6.64 BDL 34.60 7.51 5.96 16.40
W-8 8/7/90 11.701.42 2.24 BDL 1.26 5.54 0.24 34.99 11.25 8.86 10.31
W-8 8/21/90 10.43 1.87 0.64 0.08 1.74 3.92 BDL 37.66 5.84 5.18 9.88
W-8 9/9/90 12.13 2.31 0.35 0.06 1.70 4.26 39.10
W-8 10/7/90 11.55 2.14 BDL BDL 1.76 4.31 0.04 37.41 3.57 1.79 10.34
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Site Date Ca2+ Mg2+ LFe Al3+ K+ Na+ p-- HC03- Cl- N03- sol-
W-8 11/4/90 10.31 2.11 0.16 0.33 1.97 3.76 BDL 26.43 2.03 0.01 12.87
W-8 12/2/90 11.121.59 0.09 0.23 2.20 3.44 BDL 19.24 9.10 0.76 17.32
W-8 12/20/909.16 1.65 BDL 0.06 1.81 3.96 BDL 17.36 5.14 0.01 26.55
W-8 1/25/91 12.54 1.86 0.15 0.03 2.13 4.49 0.13 20.68 14.36 0.13 17.56
W-8 2/17/91 11.17 1.61 0.14 0.01 1.57 5.35 0.24 17.85 20.31 BDL 17.56
W-8 3/17/91 9.77 1.36 0.05 BDL 1.50 5.44 BDL 13.37 9.63 BDL 17.99
W-8 4/20/91 11.76 1.62 0.14 0.03 1.36 4.24 0.16 24.29 12.55 BDL 15.63
W-8 5/14/91 11.15 1.42 0.46 0.06 0.70 3.43 0.00 25.05 3.76 BDL 1.86
W-8 6/26/91 9.83 1.32 BDL BDL 0.46 3.30 BDL 51.57 7.75 BDL 8.88
W-8 7/31/91 10.85 2.13 0.05 0.07 1.24 3.87 BDL 56.21 2.53 2.52 14.14
W-ll 8/7/90 8.09 1.42 1.92 BDL 2.16 6.52 0.04 31.45 6.66 BDL 0.61
W-ll 8/21/90 8.93 1.49 3.30 0.33 2.06 6.70 0.04 36.58 8.67 BDL 0.61
W-11 9/9/90 9.57 1.81 6.04 1.57 2.17 7.14 0.04 31.78 10.28 BDL 0.61
W-ll 10/7/90 8.26 1.39 4.42 BDL 2.21 6.92 0.04 37.08 9.48 5.82 0.61
W-ll 11/4/90 6.70 1.38 3.60 0.92 2.41 5.13 BDL 21.08 2.65 BDL 1.95
W-11 12/2/90 5.30 0.72 0.90 BDL 1.87 3.30 BDL 12.69 6.76 0.01 5.62
W-ll 12/20/90 5.28 0.90 0.82 0.07 2.15 4.02 BDL 12.24 6.70 BDL 3.34
W-ll 2/23/91 10.22 1.68 0.34 0.06 2.51 7.31 0.04 12.32 4.58 BDL 0.61
W-ll 3/17/91 39.40 6.39 6.61 BDL 5.30 138.1 0.04 60.49 182.2 BDL 21.07
W-ll 4/20/91 12.10 1.66 0.82 0.42 1.97 24.36 0.04 26.33 42.31 BDL 9.79
W-ll 5/14/91 10.18 1.47 0.74 0.23 1.08 10.73 BDL 23.58 19.34 BDL 1.84
W-ll 6/26/91 6.52 1.60 4.79 0.13 2.35 10.51 BDL 29.84 14.39 BDL 4.37
W-11 7/31/91 6.56 1.54 1.92 0.08 2.17 10.66 BDL 32.64 16.52 1.66 0.98
W-13 8/7/90 10.96 1.55 1.43 BDL 1.97 3.65 0.07 40.22 8.92 BDL 5.96
W-13 8/21/90 12.14 2.18 1.12 BDL 1.87 4.84 0.04 44.57 6.26 2.80 7.48
W-13 9/9/90 9.71 1.79 0.33 0.09 1.29 3.31 BDL 37.70 4.87 BDL 10.76
W-13 10/7/90 11.69 2.06 2.57 0.11 1.87 6.04 BDL 47.67 7.78 BDL 10.76
W-13 11/4/90 10.15 2.27 0.15 0.35 2.74 3.94 BDL 25.42 4.33 0.01 15.28
W-13 12/2/90 10.69 1.59 0.17 0.10 2.07 2.94 BDL 16.80 3.38 0.01 21.72
W-13 12/20/909.25 1.84 0.19 0.24 2.11 2.98 BDL 17.55 3.59 BDL 15.14
W-13 1/19/91 11.45 1.81 0.17 0.06 2.68 3.36 0.39 21.39 30.66 8.44 19.86
W-13 2/23/91 8.75 1.36 0.09 0.02 1.75 3.74 0.04 12.99 1.63 BDL 7.48
W-13 3/17/91 10.621.40 0.09 BDL 1.51 5.17 BDL 16.09 10.54 0.01 19.47
W-13 4/20/91 11.26 1.59 0.31 BDL 1.45 3.08 BDL 24.58 8.67 BDL 15.03
W-13 5/14/91 14.64 2.32 2.45 0.18 2.01 15.12 BDL 71.75 23.22 BDL 1.99
W-13 6/26/91 10.742.17 3.98 0.11 2.02 8.22 BDL 62.08 8.93 1.66 5.87
W-13 7/31/91 8.09 1.79 1.08 0.08 1.50 7.08 BDL 54.10 9.88 2.52 3.62
W-14 8/7/90 8.78 1.20 0.51 BDL 0.58 1.35 BDL 24.85 0.70 BDL 5.92
W-14 8/21/90 8.19 1.18 0.59 BDL 0.67 1.85 BDL 25.60 1.67 BDL 7.68
W-14 9/9/90 6.23 0.91 0.49 0.16 0.56 1.14 0.04 27.99 0.82 2.19 7.48
W-14 10/7/90 8.34 1.56 0.21 0.33 0.75 1.91 0.11 22.97 1.34 BDL 7.17
W-14 11/4/90 7.84 1.58 0.16 0.71 2.11 2.10 BDL 18.10 5.63 BDL 2.37
W-14 12/2/90 9.86 1.30 0.13 0.25 0.40 1.77 0.11 13.60 3.92 BDL 16.84
W-14 1/25/91 12.11 1.66 0.15 0.01 0.94 2.17 BDL 30.89 5.16 6.16 18.25
W-14 2/23/91 6.49 0.87 0.05 BDL 1.48 1.77 0.24 11.40 3.49 BDL 14.66
W-14 3/17/91 9.71 1.35 0.02 BDL 0.83 3.05 BDL 16.23 4.12 BDL 11.55
W-14 4/20/91 10.96 1.38 0.28 0.05 0.54 1.66 BDL 20.56 2.63 BDL 11.40
W-14 5/14/91 10.34 1.43 0.62 0.03 0.20 1.98 BDL 24.26 0.14 0.01 8.84
W-14 6/26/91 7.76 1.80 2.05 0.17 0.83 3.13 BDL 35.88 2.65 0.80 8.13
W-16 9/9/90 13.82 0.88 BDL 0.06 0.90 2.30 0.04 17.79 7.87 3.40 14.35
W-16 10/7/90 13.59 0.65 BDL BDL 0.69 2.20 BDL 17.63 13.71 BDL 18.25
W-16 11/4/90 12.80 0.88 -0.18 0.29 1.12 2.28 BDL 20.29 7.51 BDL 23.17
W-16 12/2/90 11.13 0.61 BDL 0.00 0.69 2.44 0.11 18.97 12.12 2.21 16.84
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Site Date Ca2+ Mg2+ LFe Al3+ K+ Na+ p- HC03- Cl- N03- SO/-
W-16 12/20/90 10.91 0.70 BDL BDL 1.18 2.14 BDL 17.86 4.22 0.01 13.67
W-16 1/25/91 13.39 0.87 BDL 0.03 0.74 2.00 0.24 18.04 7.37 BDL 17.56
W-16 2/17/91 12.21 0.83 BDL 0.03 0.32 2.01 0.13 17.88 8.15 BDL 16.11
W-16 3/17/91 12.20 0.81 BDL 0.01 0.56 1.94 0.11 16.31 8.23 22.99 10.80
W-16 4/20/91 12.39 0.82 0.02 0.02 0.62 1.93 0.01 17.59 9.53 BDL 16.84
W-16 5/14/91 11.90 0.79 BDL BDL 0.33 1.90 0.00 17.67 4.08 BDL 2.32
W-16 6/26/91 7.17 0.83 BDL 0.08 0.65 2.06 BDL 16.81 3.83 BDL 17.90
W-16 7/31/91 8.68 0.84 BDL 0.07 0.64 2.15 BDL 17.66 8.93 3.38 26.92
BDL - below the detection limit of instrument.
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